Fracture of fibre-reinforced ceramic matrix composites under conditions of thermal shock. by Kastritseas, Christos Theodorou.
8074315
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion.
uest
ProQuest 10130240
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
F R A C T U R E  
O F  F I B R E - R E I N F O R C E D  
C E R A M I C  M A T R I X  C O M P O S I T E S  
U N D E R  C O N D I T I O N S  O F  
T H E R M A L  S H O C K
A THESIS SUBMITTED TO THE UNIVERSITY OF 
SURREY FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY
B y
C h r is to s  T h e o d o r o u  K a s t ritseas  
M a y  2005
ABSTRACT
The behaviour of fibre-reinforced ceramic matrix composites (CMCs) under conditions of thermai shock was 
investigated in this study. A series of water-quench tests were carried out on samples of cross-piy and plain- 
weave (PW) woven Nicalon/CAS (calcium aluminosilicate) composites. Damage modes due to thermal shock 
were characterised by examining polished surfaces of the quenched materials using optical and scanning 
electron microscopy. In addition, the effect of thermal shock on the mechanical properties of the woven 
composite was assessed under tensile and flexural loading. Predictions of the critical temperature change 
(ATC) for the onset of thermal shock fracture in both unidirectional (UD) and 2-D CMCs (cross-ply and woven) 
were made.
In terms of the critical temperature change, the thermal shock resistance of surfaces with (0°/90°)3s, (90°/0°)3s 
and woven configurations was found to be comparable (AT<~400±50°C) with that of UD Nicalon/CAS of 
similar thickness - the effect of ply architecture was minor. By contrast, surfaces with configurations of much 
smaller thickness (i.e. (0°/90°)s, (90°/0°)s) exhibited significantly higher thermal shock resistance (by >100°C) 
and much smaller crack densities with increasing severity of shock. Damage, unless temperature-induced 
microstructural changes occurred, was in the form of matrix cracking that left the fibres unaffected, and 
originated in the central plies of each CMC. Although on application of more severe shocks cracking extended 
to the outer plies, crack density always exhibited a gradient across the material thickness and was higher 
towards the central region. All phenomena could be understood in terms of the interaction of temperature 
gradients of adjacent material surfaces.
The orientation and the extent of matrix cracking depended on the type of ply (i.e. longitudinal, transverse or, 
in the woven CMC, matrix-rich layer-'ply’). Longitudinal and matrix plies contained matrix cracks perpendicular 
to the horizontal (length) direction and exhibited ‘composite’ behaviour by virtue of a surface stress transfer 
mechanism - on application of more severe shocks, cracks increased in number but remained surface 
features. Matrix cracks in transverse plies ran parallel to the horizontal, and, although always small in number, 
increased significantly in length and depth at higher temperature differentials. Thus, transverse plies exhibited 
behaviour similar to monolithic ceramics and particulate CMCs.
Thermal shock caused a small and gradual reduction in the mechanical properties of PW woven Nicalon/CAS, 
the onset of which occurred at higher temperature differentials than the onset of thermal shock damage. It 
was shown that the reduction in properties was associated with the propagation under load of the shock- 
induced matrix cracks in transverse plies. Thus, transverse plies were determined to be the weaker elements 
of the 2-D materials as they contained cracks that extended significantly in length and depth and affected 
mechanical properties. The extent of such cracks, as well as of other types of thermal shock damage, was 
found to be smaller for the woven CMC, perhaps due to the undulating nature of its microstructure.
The onset of thermal shock fracture in UD and 2-D Nicalon/CAS CMCs was analysed by considering the 
anisotropic nature of the applied stress field as well as the presence of residual thermal stresses. A strength- 
based criterion, combined with a model for the effect of the biaxial nature of shock-induced stresses on the 
effective value of the interfacial shear stress, enabled satisfactory predictions to be made of the thermal shock 
resistance of the surface of UD Nicalon/CAS that contained longitudinal fibres, as well as of the central 
longitudinal plies of faces with (90o/0°)3s/ (90°/0o)s and woven configurations. The heat transfer conditions 
during fracture were also determined. A tracture mechanics-based criterion combined with a modified 
analytical result from the literature was used to treat the situation of the transverse (end) face of UD 
Nicalon/CAS, as well as for the central transverse plies of faces with p/9fr^V',(Q?(9?S|s* and woven 
configurations. The success of this approach depended on accurate knowledge of two material parameters,
i.e. the relevant fracture toughness and the critical dimension beyond which thermal shock resistance 
becomes independent of material dimensions. Based on sufficient knowledge of the critical dimension, a 
method was also devised that allowed the effect of material dimensions to be incorporated into predictions of 
the thermal shock resistance.
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I n t r o d u c t i o n
C h a p t e r  1 :
21.1. PROJECT BACKGROUND
Ceramic matrix com posites (CM Cs) reinforced w ith ceramic fibres o f  various architectures have 
been identified as key material system s for improving the thrust-to-weight ratio o f  high- 
performance aircraft engines. It has been show n that even  a sm all increase in the efficiency  o f  
gas turbines could save significant amounts o f  fuel costs w hile sharply reducing the output o f  
environmental pollutants (M eetham  and V an de Voorde 2000). E fficiency gains can be achieved  
by enhancing the working pressure ratio o f  the compressor, by increasing the temperature o f  the 
gases com ing out o f  the com bustion chamber and entering the turbine, as w ell as by reducing the 
w eight o f  the engine.
Today, materials requirements are covered by the use o f  advanced n ickel- and cobalt-based  
superalloys. H ow ever, the safe operation o f  these materials is only achieved by the application o f  
suitable thermal barrier coatings (TBC s) on the surfaces o f  hot-section com ponents and by active 
turbine blade cooling w ith air drawn from the compressor. Clearly, these materials have reached  
the lim its o f  their developm ent w hile the em ploym ent o f  suitable protection m ethods is 
expensive and detrimental to the efficiency o f  the m achine (cooling air drawn from com pressor 
reduces efficiency).
The requirements for the next generation o f  gas turbines in terms o f  refractoriness and high  
temperature stability are more than covered by another group o f  engineering materials, nam ely  
advanced ceramics. H owever, m onolithic engineering ceramics are characterised by their 
propensity to fail in  a brittle, catastrophic manner and show, from a designer’s point o f  v iew , an
u n a c c e p t a b l e  v a r i a t i o n  i n  s t r e n g t h .  T h e r e f o r e ,  a l t h o u g h  t h e r e  a r e  c o n t i n u i n g  a t t e m p t s  t o  i m p r o v e  
t h e  s u i t a b i l i t y  o f  m o n o l i t h i c  c e r a m i c s  f o r  g a s  t u r b i n e  a p p l i c a t i o n s ,  f o c u s  h a s  s h i f t e d  t o  a n  
e m e r g i n g  c l a s s  o f  c e r a m i c  m a t e r i a l s ,  f i b r e - r e i n f o r c e d  c e r a m i c  m a t r i x  c o m p o s i t e s  ( C M C s ) .  T h e  
m a t r i x  i s  e i t h e r  a  g l a s s  ( e . g .  b o r o s i l i c a t e  g l a s s ) ,  a  g l a s s  c e r a m i c  ( e . g .  a l u m i n o s i l i c a t e ) ,  o r  a  
c e r a m i c  m a t e r i a l  ( e . g .  S i C ,  A I 2O 3) ,  a l t h o u g h  o n l y  t h e  l a t t e r  c a t e g o r y  s a t i s f i e s  t h e  h i g h  
t e m p e r a t u r e  r e q u i r e m e n t  ( H a r r i s  2 0 0 0 ) .  T h e  m o s t  w i d e l y  u s e d  c e r a m i c  f i b r e s  a r e  n o n - o x i d e  S i C -  
b a s e d  o n e s  c o m i n g  u n d e r  t h e  t r a d e  n a m e s  N i c a l o n ™ ,  T y r a n n o ™ ,  a n d  S y l r a m i c ™ ,  a s  w e l l  a s  
o x i d e - b a s e d  o n e s  s u c h  a s  t h e  N e x t e l ™  f a m i l y  ( I c h i k a w a  a n d  I s h i k a w a  2 0 0 0 ) .
F i b r e - r e i n f o r c e d  C M C s  n o t  o n l y  e x h i b i t  t h e  f a v o u r a b l e  h i g h - t e m p e r a t u r e  p r o p e r t i e s  o f  t h e i r  
m o n o l i t h i c  c o u n t e r p a r t s  b u t  a r e  a l s o  t o u g h ,  i . e .  t h e y  a r e  d a m a g e - t o l e r a n t ,  a n d  s h o w  l e s s  
v a r i a b i l i t y  i n  s t r e n g t h .  T h i s  i s  a c h i e v e d  m a i n l y  t h r o u g h  t h e  i n c o r p o r a t i o n  o f  s t r o n g  f i b r e s ,  m u c h  
s t r o n g e r  t h a n  t h e  m a t r i x ,  a n d  e f f e c t i v e l y - e n g i n e e r e d  w e a k  f i b r e - m a t r i x  i n t e r f a c e s .  U n d e r  l o a d ,  
t h e  w e a k e r  m a t r i x  c r a c k s  f i r s t  a n d  t h e  a d v a n c i n g  m a t r i x  c r a c k  i s  d e f l e c t e d  a t  t h e  f i b r e - m a t r i x  
i n t e r f a c e  t h a t  d e b o n d s  a h e a d  o f  i t .  T h e  i n t a c t  f i b r e s  t h e n  b r i d g e  t h e  c r a c k  o p e n i n g  a n d  p r e v e n t  
c a t a s t r o p h i c  f a i l u r e .  T h e  w e a k  i n t e r f a c e  a l s o  a c t i v a t e s  a  n u m b e r  o f  p r o c e s s e s  i n  t h e  c r a c k  w a k e  
s u c h  a s  f i b r e  s l i d i n g  a n d  f i b r e  p u l l - o u t  t h a t  c o n s u m e  e n e r g y  a n d  c o n t r i b u t e  t o  t h e  i n c r e a s e d  
t o u g h n e s s  ( F i g u r e  1 . 1 ( a ) )  ( E v a n s  1 9 9 0 ) .  A  t y p i c a l  s t r e s s - s t r a i n  c u r v e  o f  a  f i b r e - r e i n f o r c e d  C M C  
( F i g u r e  1 . 1 ( b ) )  s h o w s  n o n - l i n e a r  b e h a v i o u r  a f t e r  m a t r i x  c r a c k i n g  h a s  o c c u r r e d  a n d  t h e  m a t e r i a l  
c o n t i n u e s  t o  s u p p o r t  l o a d  u n t i l  t h e  f i b r e s  f a i l .
3
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Fig. 1.1 : (a )  P r o c e s s e s  a s s o c i a t e d  w i t h  a d v a n c i n g  m a t r i x  c r a c k  i n  f i b r e - r e i n f o r c e d  C M C s  
( a f t e r  E v a n s  1 9 9 0 ) .
( b )  T y p i c a l  s t r e s s - s t r a i n  c u r v e  o f  a  f i b r e - r e i n f o r c e d  C M C  s h o w i n g  l i n e a r  a n d  n o n ­
l i n e a r  r e g i m e s  a n d  a s s o c i a t e d  d a m a g e  p h e n o m e n a  ( a f t e r  L a r a - C u r z i o  2 0 0 0 ) .
O t h e r  a d v a n t a g e s  o f  C M C s  c o m p a r e d  w i t h  m e t a l s  a n d  a l l o y s  i n c l u d e  t h e i r  l o w e r  d e n s i t y  a n d  
t h e i r  l o w e r  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s .  T h e  c o m b i n a t i o n  o f  p r o p e r t i e s  h a s  t h e  p o t e n t i a l  t o  
l e a d  t o  m a n y  i m p o r t a n t  b e n e f i t s  f o r  g a s  t u r b i n e  e n g i n e s  s u c h  a s  r e d u c t i o n / e l i m i n a t i o n  o f  c o o l i n g  
r e q u i r e m e n t s ,  s i m p l e r  c o m p o n e n t  d e s i g n ,  r e d u c e d  w e i g h t  o f  s u p p o r t  s t r u c t u r e ,  i m p r o v e d  f u e l  
e f f i c i e n c y ,  r e d u c e d  e m i s s i o n s ,  h i g h e r  b l a d e  f r e q u e n c i e s ,  r e d u c e d  b l a d e  c l e a r a n c e s ,  l o n g e r  s e r v i c e  
l i f e ,  a n d  h i g h e r  t h r u s t  ( D i C a r l o  2 0 0 1 ) .
E x t e n s i v e  r e s e a r c h  p r o g r a m m e s  w e r e  p e r f o r m e d  i n  t h e  U S A ,  E u r o p e  a n d  J a p a n  d u r i n g  t h e  1 9 8 0 s  
a n d  1 9 9 0 s ,  t a r g e t e d  t o w a r d s  t h e  p r o d u c t i o n  o f  s u c c e s s f u l ,  c o s t - e f f e c t i v e ,  C M C  s y s t e m s  t o  b e  
u s e d  i n  r o t a t i n g ,  a s  w e l l  a s  s t a t i c ,  c o m p o n e n t s  o f  f u t u r e  j e t  e n g i n e s .  P o t e n t i a l  g a s  t u r b i n e  
a p p l i c a t i o n s  ( F i g u r e  1 . 2 ) ,  a p a r t  f r o m  t u r b i n e  v a n e s  a n d  b l a d e s ,  i n c l u d e  s h r o u d s ,  c o m b u s t o r  l i n e r s ,  
t u r b i n e  d i s c s ,  e x h a u s t  f l a p s ,  e x h a u s t  a c o u s t i c  l i n e r s  a s  w e l l  a s  i n t e r - t u r b i n e  t r a n s i t i o n  d u c t s ,  
f a s t e n e r s ,  f r a m e  h o l d e r s ,  a n d  h e a t  s e a l s  ( O h n a b e  e t  a l .  1 9 9 9 ) .
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Fig. 1.2 : P o t e n t i a l  a p p l i c a t i o n s  o f  C M C s  t o  g a s  t u r b i n e  e n g i n e s  ( a f t e r  O h n a b e  e t  a l. 1 9 9 9 )
I n  t h e  c o u r s e  o f  t h e s e  p r o g r a m m e s ,  a t t e n t i o n  s h i f t e d  i n  t h e  1 9 9 0 s  f r o m  g l a s s -  a n d  g l a s s  c e r a m i c -  
m a t r i x  s y s t e m s  t h a t  h a v e  l i m i t e d  h i g h  t e m p e r a t u r e  c a p a b i l i t i e s  t o  ‘ t r u e ’ c e r a m i c  c o m p o s i t e s ,  i . e .  
c e r a m i c  m a t r i c e s  r e i n f o r c e d  w i t h  c e r a m i c  f i b r e s  t h a t  f u l f i l  t h e  h i g h  t e m p e r a t u r e  r e q u i r e m e n t s  
( H a r r i s  2 0 0 0 ) .  M o r e  s p e c i f i c a l l y ,  a t t e n t i o n  h a s  f o c u s e d  o n  S i C - m a t r i x  s y s t e m s  r e i n f o r c e d  w i t h  
w o v e n  f a b r i c s  o f  S i C - b a s e d  f i b r e s  w i t h  a p p r o p r i a t e  i n t e r f a c e  c o a t i n g s  t o  e n s u r e  ‘ t o u g h ’ 
b e h a v i o u r ,  p r o d u c e d  m a i n l y  b y  t h e  C V I  ( c h e m i c a l  v a p o u r  i n f i l t r a t i o n )  p r o c e s s  ( L a r a - C u r z i o  
2 0 0 0 ) .  C M C s  w i t h  w o v e n  r e i n f o r c e m e n t  o f f e r  m o r e  b a l a n c e d  p r o p e r t i e s  c o m p a r e d  w i t h  o t h e r  
f i b r e  a r c h i t e c t u r e s ,  c o m b i n e d  w i t h  e a s e  o f  h a n d l i n g  a n d  g o o d  d r a p a b i l i t y  ( T a n  e t  a l .  1 9 9 7 ) .
C o n s i d e r a b l e  r e s e a r c h  h a s  b e e n  u n d e r t a k e n  o n  t h e  r o o m - t e m p e r a t u r e  p r o p e r t i e s  o f  t h e s e  
m a t e r i a l s .  T h e i r  e l e v a t e d  t e m p e r a t u r e  p r o p e r t i e s  h a v e  a l s o  b e e n  s t u d i e d  e x t e n s i v e l y  s i n c e  t h e  
r e q u i r e m e n t s  i m p o s e d  i n v o l v e  o p e r a t i o n  a t  v e r y  h i g h  t e m p e r a t u r e s  f o r  t e n s  o f  t h o u s a n d s  o f  
h o u r s .  H o w e v e r ,  l i t t l e  i n f o r m a t i o n  s e e m s  t o  e x i s t  a s  f a r  a s  t h e  e f f e c t  o f  s i n g l e  o r  r e p e a t e d  
t r a n s i e n t  t e m p e r a t u r e  g r a d i e n t s  o n  t h e i r  b e h a v i o u r  i s  c o n c e r n e d .  T h i s  i s  o f  g r e a t  i m p o r t a n c e
s i n c e ,  a c c o r d i n g  t o  B a s t  ( 1 9 9 3 ) ,  a n  e m e r g e n c y  s h u t - d o w n  o f  a  g a s  t u r b i n e  c o u l d  l e a d  t o  a  
t e m p e r a t u r e  d e c r e a s e  o f  m o r e  t h a n  8 0 0 ° C  w i t h i n  o n e  s e c o n d ,  a  s i t u a t i o n  e x p e c t e d  t o  o c c u r  a b o u t  
100 t i m e s  d u r i n g  t h e  l i f e t i m e  o f  m o d e r n  g a s  t u r b i n e  e n g i n e s .
T h e  p e r f o r m a n c e  o f  f i b r e - r e i n f o r c e d  C M C s  u n d e r  t h e r m a l  s h o c k  c o n d i t i o n s  i s  a l s o  o f  g r e a t  
i n t e r e s t  t o  t h e  n u c l e a r  i n d u s t r y ,  w h e r e  S i C / S i C  c o m p o s i t e s  a r e  c u r r e n t l y  c o n s i d e r e d  f o r  
a p p l i c a t i o n  a s  i n s u l a t o r  a n d  s t r u c t u r a l  m a t e r i a l s  i n  f u s i o n  r e a c t o r s  d u e  t o  t h e  l o w  n e u t r o n  
a c t i v a t i o n  f o r  S i C  a n d  t h e i r  g o o d  m e c h a n i c a l  p r o p e r t i e s  a t  h i g h  t e m p e r a t u r e s  ( N a s l a i n  2 0 0 4 ) .  
T h e r m a l  s h o c k s  a r e  i n f l i c t e d  o n  t h e  m a t e r i a l s  i n  t h i s  a p p l i c a t i o n  d u r i n g  r e a c t o r  s t a r t - u p  a n d  s h u t ­
d o w n  c y c l e s  a s  w e l l  a s  u n d e r  p l a s m a  d i s c h a r g e  c o n d i t i o n s .
A  l i m i t e d  n u m b e r  o f  a r t i c l e s  c o n c e r n e d  w i t h  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  C M C s  h a v e  
a p p e a r e d  i n  r e c e n t  y e a r s  i n  t h e  o p e n  l i t e r a t u r e .  A l t h o u g h  i t  i s  g e n e r a l l y  a c k n o w l e d g e d  t h a t  f i b r e -  
r e i n f o r c e d  C M C s  p o s s e s s  e x c e l l e n t  t h e r m a l  s h o c k  a n d  t h e r m a l  c y c l i n g  r e s i s t a n c e ,  e s p e c i a l l y  
w h e n  c o m p a r e d  w i t h  m o n o l i t h i c  c e r a m i c s ,  d u e  t o  t h e i r  i n h e r e n t  d a m a g e  t o l e r a n c e ,  p u b l i s h e d  
s t u d i e s  h a v e  s h o w n  t h a t  t h e r m a l  t r a n s i e n t s  a f f e c t  t h e i r  p r o p e r t i e s  i n  a  n e g a t i v e  m a n n e r  a n d  c o u l d  
h a v e  a  d e t r i m e n t a l  e f f e c t  o n  t h e i r  l o n g - t e r m  s e r v i c e  l i f e  ( W a n g  a n d  S i n g h  1 9 9 4 ) .  T h e r e f o r e ,  i t  i s  
o f  g r e a t  i n t e r e s t  n o t  o n l y  t o  s t u d y  t h e  r e s p o n s e  o f  C M C s  u n d e r  s u c h  t h e r m a l  e n v i r o n m e n t s  b u t  
a l s o  t o  t i y  t o  u n d e r s t a n d  t h e  u n d e r l y i n g  m e c h a n i s m s  o f  p r o p e r t y  d e g r a d a t i o n  a n d  t o  m o d e l  t h e i r  
e f f e c t  o n  C M C  b e h a v i o u r .
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71.2. PROJECT AIMS AND THESIS OUTLINE
T h e  a i m  o f  t h i s  p r o j e c t  i s  t o  d e v e l o p  a  t h e o r e t i c a l  f r a m e w o r k  t h a t  w i l l  a d v a n c e  s i g n i f i c a n t l y  
c u r r e n t  u n d e r s t a n d i n g  o f  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  f i b r e - r e i n f o r c e d  C M C s .  U s i n g  t h e  
r e s u l t s  o f  B l i s s e t t  ( 1 9 9 5 )  i n  u n i d i r e c t i o n a l  C M C s  a s  t h e  s t a r t i n g  p o i n t ,  e x p e r i m e n t a l  a n d  
a n a l y t i c a l  w o r k  i s  e x t e n d e d  t o  C M C s  c o n t a i n i n g  2 - D  f i b r e  r e i n f o r c e m e n t .  T h i s  i n v o l v e s  
i d e n t i f i c a t i o n  a n d  q u a n t i f i c a t i o n  o f  t h e  m a i n  d a m a g e  m e c h a n i s m s  a s  a  f u n c t i o n  o f  t h e  a p p l i e d  
t h e r m a l  s h o c k ,  a s s e s s m e n t  o f  t h e  e f f e c t  o f  t h e r m a l  s h o c k  o n  t h e  r e s i d u a l  p r o p e r t i e s  o f  t h e  
m a t e r i a l ,  a n d  p r e d i c t i o n  o f  t h e  o n s e t  o f  f r a c t u r e  i n  t h e s e  m a t e r i a l s  u n d e r  c o n d i t i o n s  o f  t h e r m a l  
s h o c k .
T h e  m e t h o d  t o  a c h i e v e  t h e  a b o v e  a i m  i n c o r p o r a t e s  a  s e r i e s  o f  t h e r m a l  s h o c k  t e s t s ,  c a r e f u l  
m i c r o s c o p i c  i n v e s t i g a t i o n s  o f  t h e  t h e r m a l l y - t r e a t e d  m a t e r i a l  t o  r e v e a l  s h o c k - r e l a t e d  d a m a g e ,  a  
s e r i e s  o f  m e c h a n i c a l  t e s t s  o f  t h e r m a l l y - s h o c k e d  s a m p l e s  t o  a s s e s s  m e c h a n i c a l  p r o p e r t y  c h a n g e ,  
a s  w e l l  a s  c l o s e d - f o r m  a n a l y t i c a l  m o d e l l i n g  u s i n g  s t r e n g t h - b a s e d  a n d  f r a c t u r e  m e c h a n i c s - b a s e d  
f a i l u r e  c r i t e r i a .
T h e  t h e s i s  b e g i n s  w i t h  a  t h o r o u g h  r e v i e w  o f  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  C M C s  ( C h a p t e r  2 ) .  
T h i s  i s  p e r f o r m e d  w i t h  r e f e r e n c e  t o  t h e  b e h a v i o u r  o f  m o n o l i t h i c  c e r a m i c s ,  a n d  i n c l u d e s  b o t h  
p a r t i c u l a t e -  a n d  f i b r e - r e i n f o r c e d  s y s t e m s .  F u n d a m e n t a l  t h e o r e t i c a l  c o n c e p t s  a r e  a l s o  p r e s e n t e d  
t o g e t h e r  w i t h  a n  o v e r v i e w  o f  e x p e r i m e n t a l  t e c h n i q u e s  u s u a l l y  e m p l o y e d  t o  s t u d y  t h e  b e h a v i o u r  
o f  c e r a m i c s  a n d  C M C s  u n d e r  s u c h  c o n d i t i o n s .
T h e  t h e o r e t i c a l  b a s i s  f o r  a n a l y t i c a l  p r e d i c t i o n  o f  t h e  t h e r m a l  s h o c k  r e s i s t a n c e  o f  f i b r e - r e i n f o r c e d  
C M C s  i s  p r e s e n t e d  i n  C h a p t e r  3 .  M o d e l s  t h a t  c a n  d e s c r i b e  t h e  d i f f e r e n t  c r a c k i n g  f e a t u r e s  i n  U D  
C M C s  a r e  d e v e l o p e d  a n d  a r e  c o r r e l a t e d  w i t h  e x p e r i m e n t a l  r e s u l t s  f r o m  t h e  o p e n  l i t e r a t u r e .
B a s i c  i n f o r m a t i o n  a b o u t  t h e  m a t e r i a l s  u s e d  a n d  t h e  e x p e r i m e n t a l  t e c h n i q u e s  e m p l o y e d  i n  t h i s  
s t u d y  a r e  g i v e n  i n  C h a p t e r  4 .  S u b s e q u e n t l y ,  t h e  b e h a v i o u r  o f  c r o s s - p l y  a n d  w o v e n  C M C s  u n d e r  
c o n d i t i o n s  o f  t h e r m a l  s h o c k  i s  s t u d i e d  i n  d e p t h  i n  C h a p t e r s  5  a n d  6 r e s p e c t i v e l y .  C o m p r e h e n s i v e  
d e s c r i p t i o n s  o f  t h e r m a l  s h o c k  d a m a g e  a n d  i t s  a c c u m u l a t i o n  a r e  i n c l u d e d  a n d ,  i n  t h e  c a s e  o f  t h e  
w o v e n  m a t e r i a l s ,  a r e  s u p p l e m e n t e d  b y  d e t a i l e d  a s s e s s m e n t  o f  p o s t - s h o c k  m e c h a n i c a l  p r o p e r t i e s .  
T h i s  l e a d s  t o  C h a p t e r  7 ,  w h e r e  t h e  m o d e l s  d e v e l o p e d  i n  C h a p t e r  3  f o r  t h e  U D  m a t e r i a l  a r e  
e x t e n d e d  a n d  a p p l i e d  t o  2 - D  C M C s  ( c r o s s - p l y  a n d  w o v e n ) .
F i n a l l y ,  C h a p t e r  8 s u m m a r i s e s  t h e  m a i n  f i n d i n g s  o f  t h i s  i n v e s t i g a t i o n  a n d  p r e s e n t s  p r o p o s a l s  f o r  
f u t u r e  w o r k .
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C h a p t e r  2:
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2.1. INTRODUCTION
T h e  a i m  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  a n  o v e r v i e w  o f  t h e  p e r f o r m a n c e  o f  c e r a m i c  m a t r i x  
c o m p o s i t e s  ( C M C s )  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k ,  i . e .  w h e n  t h e y  a r e  s u b j e c t e d  t o  s u d d e n  
c h a n g e s  i n  t e m p e r a t u r e  d u r i n g  e i t h e r  h e a t i n g  o r  c o o l i n g .  T h e  d e s c r i p t i o n  o f  t h e  t h e r m a l  s h o c k  
b e h a v i o u r  o f  C M C s  i s  g i v e n  w i t h  r e f e r e n c e  t o  t h e  t h e r m a l  s h o c k  r e s i s t a n c e  o f  m o n o l i t h i c  
c e r a m i c  m a t e r i a l s .  M o n o l i t h i c  c e r a m i c s  h a v e  g r e a t e r  t h e r m a l  s h o c k  s e n s i t i v i t y  t h a n  m e t a l s  a n d  
c a n  e v e n  s u f f e r  c a t a s t r o p h i c  f a i l u r e  d u e  t o  t h e r m a l  s h o c k  b e c a u s e  o f  a n  u n f a v o u r a b l e  r a t i o  o f  
s t i f f n e s s  a n d  t h e r m a l  e x p a n s i o n  t o  s t r e n g t h  a n d  t h e r m a l  d i f f u s i v i t y ,  a n d  t h e i r  l i m i t e d  p l a s t i c  
d e f o r m a t i o n .
T h e  s t r u c t u r e  o f  t h e  c h a p t e r  i s  a s  f o l l o w s :  t h e  s t r e s s  f i e l d  d e v e l o p e d  i n  a  t h e r m a l l y - s h o c k e d  
c o m p o n e n t  i s  d e s c r i b e d  i n  s e c t i o n  2  a n d  m a x i m u m  s t r e s s e s  a r e  i d e n t i f i e d  a n d  q u a n t i f i e d .  S e c t i o n  
3  c o n t a i n s  a n  o v e r v i e w  o f  t h e  e x p e r i m e n t a l  m e t h o d s  u s e d  t o  s i m u l a t e  t h e r m a l  s h o c k  c o n d i t i o n s  
i n  t h e  l a b o r a t o r y  a n d  t h e  m e a n s  u t i l i s e d  t o  a s s e s s  i t s  i m p a c t  o n  c e r a m i c s  a n d  C M C s .  T h e  
b e h a v i o u r  o f  m o n o l i t h i c  c e r a m i c s  i s  d e s c r i b e d  i n  s e c t i o n  4  w i t h  r e f e r e n c e  t o  t h e  m a i n  m e c h a n i c a l  
a n d  t h e r m a l  p r o p e r t i e s  t h a t  a f f e c t  i t .  h i  a d d i t i o n ,  m e t h o d s  t o  m o d e l  t h i s  b e h a v i o u r  a r e  p r e s e n t e d .  
S e c t i o n  5  c o n c e n t r a t e s  o n  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  p a r t i c l e -  a n d  w h i s k e r - r e i n f o r c e d  C M C s  
w h i l e  s e c t i o n  6 c o n t a i n s  a n  e x t e n s i v e  r e v i e w  o f  d a m a g e  m o d e s  s u s t a i n e d  i n  f i b r e - r e i n f o r c e d  
C M C s  d u e  t o  t h e r m a l  s h o c k  a n d  t h e i r  e f f e c t  o n  p r o p e r t i e s ,  t h e  r o l e  o f  t h e  i n t e r f a c e  a n d  a t t e m p t s  
t o  a n a l y s e  a n d  m o d e l  t h e  s i t u a t i o n .
I t  s h o u l d  b e  n o t e d  t h a t  t h i s  r e v i e w  c o n c e n t r a t e s  o n  t h e r m a l  s h o c k  ( i . e .  a  s i n g l e  t h e r m a l  c y c l e )  a n d  
n o  a t t e m p t  i s  m a d e  t o  i n c o r p o r a t e  a n d  d e s c r i b e  t h e  e f f e c t s  o f  c y c l i c  t h e r m a l  l o a d i n g  ( c y c l i c  
t h e r m a l  s h o c k ,  t h e r m a l  s h o c k  f a t i g u e  e t c . )  o n  t h e  b e h a v i o u r  o f  C M C s .
2.2. THERMAL SHOCK OF BRITTLE MATERIALS: THE THERMAL 
SHOCK-INDUCED STRESS FIELD
W h e n  a  b o d y  i s  s u b j e c t e d  t o  a  r a p i d  t e m p e r a t u r e  c h a n g e  s u c h  t h a t  n o n - l i n e a r  t e m p e r a t u r e  
g r a d i e n t s  a p p e a r ,  s t r e s s e s  a r i s e  d u e  t o  d i f f e r e n t i a l  e x p a n s i o n  o f  e a c h  v o l u m e  e l e m e n t  a t  a  
d i f f e r e n t  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  a t  e a c h  p o i n t  c h a n g e s  w i t h  t i m e  a t  a  r a t e  d e p e n d e n t  o n  t h e  
c o e f f i c i e n t  o f  s u r f a c e  h e a t  t r a n s f e r  ( H T C )  b e t w e e n  t h e  m e d i u m  o f  d i f f e r e n t  t e m p e r a t u r e  a n d  t h e  
b o d y ,  t h e  s h a p e  o f  t h e  b o d y ,  a n d  i t s  t h e r m a l  c o n d u c t i v i t y .  H i g h  H T C s ,  l a r g e  d i m e n s i o n s ,  a n d  l o w  
t h e r m a l  c o n d u c t i v i t i e s  r e s u l t  i n  l a r g e  t e m p e r a t u r e  g r a d i e n t s  a n d ,  t h u s ,  l a r g e  s t r e s s e s .  T h i s  l e a d s  t o  
t h e  e s t a b l i s h m e n t  o f  a  d i m e n s i o n l e s s  p a r a m e t e r ,  t h e  ‘ B i o t  m o d u l u s ’ ,  f o r  t h e  d e s c r i p t i o n  o f  t h e  
h e a t  t r a n s f e r  c o n d i t i o n  ( K r e i t h  1 9 8 6 ) :
B i  =  l -  [ 2 . 1 ]
k
w h e r e  /  i s  a  c h a r a c t e r i s t i c  m a t e r i a l  d i m e n s i o n  ( e . g .  t h e  h a l f - t h i c k n e s s  o f  a  p l a t e ) ,  h  i s  t h e  H T C  
b e t w e e n  t h e  b o d y  a n d  t h e  m e d i u m ,  a n d  h  i s  t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  b o d y .  T h e  l a r g e r  t h e  
v a l u e  o f  B i ,  t h e  l a r g e r  i s  t h e  r a t e  o f  h e a t  t r a n s f e r  b e t w e e n  a  m e d i u m  o f  d i f f e r e n t  t e m p e r a t u r e  a n d  
t h e  b o d y .
T h e  s u d d e n  t e m p e r a t u r e  c h a n g e  ( A T )  t h a t  g e n e r a t e s  n o n - l i n e a r  t e m p e r a t u r e  g r a d i e n t s  i n  a  b o d y  
a n d ,  a s  a  c o n s e q u e n c e ,  t h e r m a l  s t r e s s e s  i s  t e r m e d  ‘ t h e r m a l  s h o c k ’ . I f  A T  i s  p o s i t i v e  ( i . e .  t h e  
t e m p e r a t u r e  c h a n g e  i s  d o w n w a r d )  t h e  m a t e r i a l  i s  s u b j e c t e d  t o  a  ‘ c o l d ’ s h o c k  w h e r e a s  i f  A T  i s  
n e g a t i v e  t h e  m a t e r i a l  i s  s u b j e c t e d  t o  a  ‘ h o t ’ s h o c k .  T h e  t e r m  r e f e r s  t o  a  s i n g l e  t h e r m a l  c y c l e  
( N = l )  i n  c o n t r a s t  t o  t e r m s  s u c h  a s  ‘t h e r m a l  c y c l i n g ’ ,  ‘ c y c l i c  t h e r m a l  s h o c k ’ ,  a n d  ‘ t h e r m a l  
f a t i g u e ’ t h a t  a p p l y  t o  m u l t i p l e  t h e r m a l  c y c l e s  ( N > 1 ) .
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F o r  t h e  c a l c u l a t i o n  o f  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s ,  w e  c o n s i d e r  t h e  p l a t e  o f  F i g .  2 . 1  o f  
Y o u n g ’ s  m o d u l u s  E ,  P o i s s o n ’ s  r a t i o  v ,  a n d  w i t h  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  ( C T E )  a ,  
i n i t i a l l y  h e l d  a t  t e m p e r a t u r e  T , .
12
a
TS
TS
J &
M
F i g .  2 . 1 .  S c h e m a t i c  o f  a  p l a t e  o f  t h i c k n e s s  2 E I  s u b j e c t e d  t o  t h e r m a l  s h o c k .
I f  t h e  t o p  a n d  b o t t o m  s u r f a c e s  o f  t h e  p l a t e  c o m e  i n t o  s u d d e n  c o n t a c t  w i t h  a  m e d i u m  o f  l o w e r  
t e m p e r a t u r e  Too t h e y  w i l l  c o o l  a n d  t r y  t o  c o n t r a c t .  H o w e v e r ,  t h e  i n n e r  p a r t  o f  t h e  p l a t e  i n i t i a l l y  
r e m a i n s  a t  a  h i g h e r  t e m p e r a t u r e  w h i c h  h i n d e r s  t h e  c o n t r a c t i o n  o f  t h e  o u t e r  s u r f a c e s  g i v i n g  r i s e  t o  
t e n s i l e  s u r f a c e  s t r e s s e s  b a l a n c e d  b y  a  d i s t r i b u t i o n  o f  c o m p r e s s i v e  s t r e s s e s  a t  t h e  i n t e r i o r .  B y  
c o n t r a s t ,  i f  t h e  s u r f a c e s  c o m e  i n t o  c o n t a c t  w i t h  a  m e d i u m  o f  h i g h e r  t e m p e r a t u r e  T oo , t h e y  w i l l  t r y  
t o  e x p a n d .  A s  t h e  i n t e r i o r  w i l l  b e  a t  a  l o w e r  t e m p e r a t u r e ,  i t  w i l l  c o n s t r a i n  t h e  e x p a n s i o n  o f  t h e  
s u r f a c e s ,  t h u s  g i v i n g  r i s e  t o  c o m p r e s s i v e  s u r f a c e  s t r e s s e s  b a l a n c e d  b y  a  d i s t r i b u t i o n  o f  t e n s i l e  
s t r e s s e s  a t  t h e  i n t e r i o r .
I f  p e r f e c t  h e a t  t r a n s f e r  b e t w e e n  t h e  s u r f a c e s  a n d  t h e  m e d i u m  i s  a s s u m e d  ( i . e .  i f  B i —*o o )  t h e  
s u r f a c e  i m m e d i a t e l y  a d o p t s  t h e  n e w  t e m p e r a t u r e  w h i l e  t h e  i n t e r i o r  o f  t h e  p l a t e  r e m a i n s  a t  T , .  
F o l l o w i n g  M u n z  a n d  F e t t  ( 1 9 9 9 ) ,  t h i s  c a s e  c o r r e s p o n d s  t o  h a v i n g  a  p l a t e  t h a t  c a n  e x p a n d  f r e e l y
i n  t h e  z - d i r e c t i o n  w i t h  s u p p r e s s e d  e x p a n s i o n  i n  t h e  x -  a n d  y - d i r e e t i o n s .  h i  t h e  a b s e n c e  o f  
d i s p l a c e m e n t  r e s t r i c t i o n s ,  t h e  p l a t e  w o u l d  e x p a n d  a l o n g  t h e  x -  a n d  y -  d i r e c t i o n s  b y  t h e r m a l  
s t r a i n s  o f :
s x = a ( T „ -  T , )  [ 2 . 2 ]
s y = < * ( ? „ -  X )  [ 2 . 3 ]
S i n c e  t h e r m a l  e x p a n s i o n  i n  b o t h  d i r e c t i o n s  i s  c o m p l e t e l y  s u p p r e s s e d ,  e l a s t i c  s t r a i n s  a r e  c r e a t e d  
t h a t  c o m p e n s a t e  t h e  t h e r m a l  s t r a i n s ,  i . e .
G el,x +  S th,x =  0  t2 ' 4 ]
S el,y +  S th,y ~  G  [ 2 . 5 ]
F r o m  e q u a t i o n s  [ 2 . 2 ] ,  [ 2 . 3 ] ,  [ 2 . 4 ]  a n d  [ 2 . 5 ]  w e  h a v e :
* * *  =  =  - « ( T .  ~ X )  =  a ( X  - T J  =  a A T  [ 2 . 6 ]
G el,y =  ~ G th,y =  - < * ( T ao “  X  )  =  « ( X  ~  T oo )  =  ^ A T  [ 2 . 7 ]
T h e  e l a s t i c  s t r a i n s  c a u s e  ‘ t h e r m a l  s t r e s s e s ’ a l o n g  t h e  x -  a n d  y -  a x e s  a n d  c a n  b e  w r i t t e n  a s :
B y  s u b s t i t u t i n g  [ 2 . 6 ]  a n d  [ 2 . 7 ]  i n  [ 2 . 8 ]  a n d  [ 2 . 9 ]  r e s p e c t i v e l y  a n d  s o l v i n g  f i r s t  f o r  o xTS a n d  t h e n  
f o r  (7y r s  w e  c a n  o b t a i n  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s  a l o n g  t h e  x -  a n d  y - a x e s  a s :
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ts „ r s  E a A T
x =  = - ----------  [2 . 10]l -v
E q u a t i o n  [ 2 . 1 0 ]  s h o w s  t h a t  t h e r m a l  s h o c k  i n d u c e s  a  b i - a x i a l  s t r e s s  f i e l d ,  t h e  m a x i m u m  v a l u e  o f  
w h i c h  d e p e n d s  o n  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  m a t e r i a l  a n d  t h e  i m p o s e d  t e m p e r a t u r e  d i f f e r e n t i a l .
H o w e v e r ,  i f  t h e  r a t e  o f  h e a t  t r a n s f e r  i s  n o t  i n f i n i t e  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s  w i l l  
g r a d u a l l y  b u i l d  u p  a n d  a f t e r  s o m e  t i m e  r e a c h  a  p e a k  v a l u e  t h a t  w i l l  b e  a  f r a c t i o n  o f  t h e  v a l u e  
g i v e n  b y  [ 2 . 1 0 ] .  T h e  s o l u t i o n  r e q u i r e s  t r a n s i e n t  s t r e s s  a n a l y s i s  s u c h  a s  t h o s e  o f  C h e n g  ( 1 9 5 1 )  a n d  
M a n s o n  ( 1 9 6 6 )  w i t h  t h e  a s s u m p t i o n  o f  t h e  p l a t e  o f  F i g .  2 . 1  b e i n g  i n f i n i t e .  F o l l o w i n g  L u  a n d  
F l e c k  ( 1 9 9 8 ) ,  t h e  p l a t e  i s  i n i t i a l l y  h e l d  a t  t e m p e r a t u r e  T 0 a n d  a t  t i m e  1 = 0  i t s  t o p  a n d  b o t t o m  f a c e s  
( a t  z = ± H )  a r e  s u d d e n l y  e x p o s e d  t o  a  c o n v e c t i v e  m e d i u m  o f  T aJ. T h e  s u r f a c e  h e a t  f l o w  i s  a s s u m e d  
t o  s a t i s f y :
k  —  =  + / * ( T „ - T ) , a t z  =  ± t f  [ 2 . 1 1 ]
OZ
w h e r e  k z \ s  t h e  t h e r m a l  c o n d u c t i v i t y  i n  t h e  z - d i r e c t i o n  a n d  T ( z , t )  t h e  t e m p e r a t u r e  o f  t h e  m a t e r i a l .  
T h e  p l a t e  i s  a s s u m e d  t o  b e  a  u n i f o r m ,  l i n e a r  t h e r m o - e l a s t i c  s o l i d  a n d  i s  a n a l y s e d  u n d e r  t h e  
c o n s t r a i n t  t h a t  i t  i s  f r e e  t o  e x p a n d  w i t h  v a n i s h i n g  a x i a l  f o r c e
H
| c r Txs d z =  J a f  d z  =  0 [ 2 . 12]
- H
a n d  v a n i s h i n g  n o r m a l  s t r e s s  i n  t h e  t h r o u g h - t h i c l c n e s s  d i r e c t i o n ,  i . e .  o z - 0 .  T h e  t r a n s i e n t  t h e r m a l  
s h o c k - i n d u c e d  s t r e s s e s ,  a x( z , t ) ~ a y ( z i f ) i  a s s o c i a t e d  w i t h  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  T ( z ,  t )  a r e  
t h e n  g i v e n  b y :
o f  0 , 0  =  e r f  0 , 0  =  - E g P ~ T 3 + ^ _ Ev“ 2 g  J ( T - T , ) f e  [ 2 . 1 3 ]
T o  o b t a i n  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  T ( z ,  / )  t h e  h e a t  f l o w  i n  t h e  t h r o u g h - t h i c l c n e s s  d i r e c t i o n  
n e e d s  t o  b e  c o n s i d e r e d .  T h i s  i s  g o v e r n e d  b y :
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± T = J _ a r  N
d z 2 k  d t  11 L J
T h i s  e q u a t i o n  i s  s o l v e d  w i t h  h e a t  t r a n s f e r  b o u n d a r y  c o n d i t i o n  [ 2 . 1 1 ]  b y  a  s t a n d a r d  s e p a r a t i o n - o f -  
v a r i a b l e s  t e c h n i q u e ,  t o  g i v e :
K i U i  =  - 1  +  M )  x
T; - Too t t  V H )  (3n + s i n  (3n c o s  (3n
w h e r e  f3n a r e  t h e  r o o t s  o f  (3 n t a n  (3 n =  B i . T h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s  a r e  o b t a i n e d  f r o m  
[ 2 . 1 3 ]  a n d  [ 2 . 1 5 ] ,  a n d  a r e  w r i t t e n  i n  n o n - d i m e n s i o n a l  f o r m  a s :
TS
-TS — TS <T
( J  x  —  C T  y
( .z , t )  0f ( z , f )
E « ( l  -  v ) - ‘ ( T , - T j  E « ( l -  ( T ,  -  T „ )
H  nr r r
f _ t £ )  £
J T  - T
T\ rp  rp rp
M  - x . i  f  ~
T , - T „  2HT, - T „
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f ni k j   ^ s i n  /? \ (  n z \  s i n  /? \
-  2 ^ e x r a  -  P i  — j j  , /  - X  c o s  \ f i , —  \ ---------------------------------------[ 2 . 1 6 ]
t t  V H  )  f3 n +  s i n  P n c o s  p n { \  H )  /3 n J
T h e  e v o l u t i o n  o f  d i m e n s i o n l e s s  s t r e s s e s  i s  t h e n  p l o t t e d  a g a i n s t  d i m e n s i o n l e s s  t i m e  ( t  =  k j / H 2 )  
a t  s e l e c t e d  l o c a t i o n s  ( z / H )  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  p l a t e  a n d  f o r  v a r i o u s  v a l u e s  o f  t h e  B i o t  
m o d u l u s .  A n  e x a m p l e  o f  s u c h  a  p l o t  i s  g i v e n  i n  F i g .  2 . 2 .
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Fig. 2.2. T h e  e v o l u t i o n  o f  d i m e n s i o n l e s s  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  w i t h  d i m e n s i o n l e s s  t i m e  a t  
v a r i o u s  l o c a t i o n s  t h r o u g h  t h e  p l a t e  t h i c k n e s s  f o r  B / =  1 0  ( a f t e r  L u  a n d  F l e c k  1 9 9 8 ) .
T h e  p l o t s  s h o w  t h a t  u n d e r  c o l d  s h o c k  a n d  f o r  a l l  v a l u e s  o f  B i ,  t h e  m a x i m u m  t e n s i l e  s t r e s s  i s  
a c h i e v e d  a t  t h e  s u r f a c e s  w h i l e  t h e  m a x i m u m  c o m p r e s s i v e  s t r e s s  i s  a c h i e v e d  a t  t h e  c e n t r e  o f  t h e
— TS
p l a t e .  T h e  o p p o s i t e  i s  t r u e  f o r  h o t  s h o c k  c o n d i t i o n s .  T h e  m a x i m u m  t e n s i l e  s t r e s s ,  c r max ,  a c h i e v e d  
a t  t h e  s u r f a c e  d u r i n g  c o l d  s h o c k  a n d  a t  t h e  c e n t r e  d u r i n g  h o t  s h o c k  a r e  t h e n  p l o t t e d  a g a i n s t  M B i , 
a s  s h o w n  i n  F i g .  2 . 3 .
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Fig. 2.3. T h e  m a x i m u m  t e n s i l e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  a c h i e v e d  a t  t h e  s u r f a c e  i n  c o l d  
s h o c k  a n d  i n  t h e  c e n t r e  o f  t h e  p l a t e  i n  h o t  s h o c k  a s  a  f u n c t i o n  o f  1 / B i .  A l s o  s h o w n  
a r e  c u r v e  f i t s  d e s c r i b e d  b y  e q u a t i o n s  [ 2 . 1 7 ]  a n d  [ 2 . 1 8 ] .
( a f t e r  L u  a n d  F l e c k  1 9 9 8 )
— TS
I t  c a n  b e  s e e n  t h a t  a  max i n c r e a s e s  w i t h  i n c r e a s i n g  B i  f o r  b o t h  c o l d  a n d  h o t  s h o c k  w h e r e a s  t h e  
m a x i m u m  t e n s i l e  s t r e s s  d e v e l o p e d  a t  t h e  s u r f a c e  d u r i n g  c o l d  s h o c k  i s  a l w a y s  m u c h  h i g h e r  t h a n  
t h e  p e a k  t e n s i l e  s t r e s s  d e v e l o p e d  a t  t h e  c e n t r e  o f  t h e  p l a t e  d u r i n g  h o t  s h o c k .  T h i s  o b s e r v a t i o n ,  
c o m b i n e d  w i t h  t h e  f a c t  t h a t  b r i t t l e  m a t e r i a l s  u s u a l l y  c o n t a i n  a  d i s t r i b u t i o n  o f  s u r f a c e  f l a w s ,  
m e a n s  t h a t  c o l d  s h o c k  i s  a  m u c h  m o r e  d a n g e r o u s  c o n d i t i o n  f o r  a  b r i t t l e  m a t e r i a l .
T h e  m a x i m u m  s u r f a c e  s t r e s s  i n  t h e  i n f i n i t e  p l a t e  u n d e r  c o l d  s h o c k  i s  a d e q u a t e l y  d e s c r i b e d  b y  t h e  
f o r m u l a :
(  T OC 16 V 1
—  TS 
CT max ( ± h , t ) =
3  2 5
1 . 5  +  — —- - 0 . 5 c  »  
B i
[ 2 . 1 7 ]
w h e r e  t*  i s  t h e  t i m e  t a k e n  f o r  t h i s  v a l u e  t o  b e  r e a c h e d .  T h e  m a x i m u m  t e n s i l e  s t r e s s  a t  t h e  c e n t r e  
o f  t h e  p l a t e  f o r  h o t  s h o c k  i s  g i v e n  b y :
18
— r s  c  . * )  0 . 3 0 8 5
O ' max IV ) = T
+  ( 2/ B i )
[2.18]
E q u a t i o n  [ 2 . 1 7 ]  c a n  b e  w r i t t e n  t h r o u g h  [ 2 . 1 0 ]  a s :
TS _  
max
E a A T
16 \
V
3  2 5
1 . 5  +  — 0 . 5 e  Bi
B i
- i
[ 2 . 1 7 ]
a n d  s u b s e q u e n t l y  a s :
t s  . E c r A T  
< I = A - ------
1 - V
[ 2 . 1 8 ]
I n  [ 2 . 1 8 ] ,  t h e  p a r a m e t e r  ‘ A ’ i s  t e r m e d  t h e  ‘ s t r e s s  r e d u c t i o n  f a c t o r ’ ,  g i v e n  b y :
A  =
1 . 5  +
3 . 2 5
B i
~  f  ( B i )
0 . 5 e  Bl
[ 2 . 1 9 ]
E q u a t i o n  [ 2 . 1 8 ]  i s  t h e  c l a s s i c  f o r m u l a  u s e d  t o  c h a r a c t e r i s e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s  a t  t h e  
s u r f a c e s  o f  b r i t t l e  c o m p o n e n t s  d u r i n g  c o l d  s h o c k .  T h e  f u n c t i o n  f lJ B i )  c a n  b e  w r i t t e n  m o r e  
g e n e r a l l y  a s :
h  —
f ( B i )  =  a  +  c e Bi [ 2 . 2 0 ]
B i
w h e r e  t h e  v a l u e s  o f  a , b ,  c ,  d  d e p e n d  o n  t h e  s h a p e  o f  t h e  c o m p o n e n t  a n d  a r e  d e t e r m i n e d  b y  u s i n g  
a n a l y s e s  s i m i l a r  t o  t h e  o n e  p r e s e n t e d  a b o v e  f o r  a n  i n f i n i t e  p l a t e .  F o r  e x a m p l e ,  i t  w a s  s h o w n  t h a t
f o r  a n  i n f i n i t e  p l a t e  a= 1 . 5 ,  b=3 . 2 5 ,  c = 0 . 5  a n d  < 7 = - 1 6  w h e r e a s  f o r  a n  i n f i n i t e  r o d  a = 1 . 5 ,  6 = 4 . 6 7 ,  
c = 0 . 5 ,  e t= - 5 1  ( M a n s o n  1 9 6 6 ) .
T h e  v a l u e  of/(B i) ( a n d  c o n s e q u e n t l y  A )  d e p e n d s  o n  t h e  B i o t  m o d u l u s ,  i . e .  o n  t h e  H T C ,  t h e r m a l  
c o n d u c t i v i t y  a n d  m a t e r i a l  d i m e n s i o n s .  F o r  s e v e r e  s h o c k s  Bi b e c o m e s  v e r y  l a r g e ,  s o  /(Bi) 
b e c o m e s  /(B i) « a , w h i c h  l e a d s  t o  t h e  m a x i m u m  v a l u e  o f  t h e  s t r e s s  r e d u c t i o n  f a c t o r  b e i n g  g i v e n  
b y  A »  1 / a  ( W a n g  a n d  S i n g h  1 9 9 4 ) .
E x p e r i m e n t a l  e v i d e n c e  s u g g e s t e d  t h a t  t h e r e  i s  a  c r i t i c a l  v a l u e  o f  t h e  c h a r a c t e r i s t i c  s p e c i m e n  
d i m e n s i o n ,  lc, a b o v e  w h i c h  Bi ( a n d  c o n s e q u e n t l y  A  a n d  t h e  v a l u e  o f  t h e  s h o c k - i n d u c e d  s t r e s s )  
b e c o m e s  i n d e p e n d e n t  o f  m a t e r i a l  d i m e n s i o n s  ( W a n g  a n d  S i n g h ,  1 9 9 4 ) .  B e c h e r  a n d  W a r w i c k  
( 1 9 9 3 )  s h o w e d  g r a p h i c a l l y  t h a t  t h i s  v a l u e  m a y  b e  a p p r o x i m a t e d  b y :
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F o r  e x a m p l e ,  f o r  a n  i n f i n i t e  r o d ,  t h e  c r i t i c a l  d i m e n s i o n  i s  g i v e n  b y  I c «  3 . 1  k / h .
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2 . 3 .  E X P E R I M E N T A L  M E T H O D S
2 . 3 . 1 .  I n t r o d u c t i o n
T h i s  s e c t i o n  a i m s  t o  p r e s e n t  b r i e f l y  t h e  e x p e r i m e n t a l  m e t h o d s  u s e d  t o  e v a l u a t e  t h e  p e r f o r m a n c e  
o f  c e r a m i c s  a n d  C M C s  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k .  R e f e r e n c e  i s  m a d e  t o  t e c h n i q u e s  u s e d  
t o  i m p o s e  t h e  a c t u a l  t h e r m a l  s h o c k  c o n d i t i o n  a s  w e l l  a s  t h e  d e s t r u c t i v e  a n d  n o n - d e s t r u c t i v e  
m e t h o d s  e m p l o y e d  t o  a s s e s s  d a m a g e  m o r p h o l o g i e s  a n d  c h a n g e s  i n  r e s i d u a l  p r o p e r t i e s .
2 . 3 . 2 .  T h e r m a l  S h o c k  S i m u l a t i o n  M e t h o d s
T h e  m e t h o d s  u s e d  t o  s i m u l a t e  t h e r m a l  s h o c k  c a n  b e  c l a s s i f i e d  i n t o  t w o  c a t e g o r i e s ,  d e p e n d i n g  o n  
t h e  s i g n  o f  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  t o  w h i c h  t h e  m a t e r i a l  i s  e x p o s e d :  ( 1 )  Q u e n c h  T e s t s ,  w h e n  
t h e  m a t e r i a l  i s  s u b j e c t e d  t o  a  s u d d e n  t e m p e r a t u r e  d e c r e a s e  ( A T < 0 ) ,  o r  ( 2 )  F a s t  H e a t i n g  M e t h o d s ,  
i f  a  s u d d e n  i n c r e a s e  i n  t e m p e r a t u r e  ( A T > 0 )  i s  i n v o l v e d .
I n  a  q u e n c h  t e s t ,  t h e  s p e c i m e n  i s  h e a t e d  t o  a  p r e - d e t e r m i n e d  t e m p e r a t u r e  i n  a  f u r n a c e  a n d  i s  h e l d  
a t  t h a t  t e m p e r a t u r e  f o r  a  c e r t a i n  p e r i o d  o f  t i m e  ( - 10-20 m i n )  t o  a l l o w  f o r  t h e  f u r n a c e  a n d  
s p e c i m e n  t e m p e r a t u r e s  t o  r e a c h  e q u i l i b r i u m .  A  s u d d e n  t e m p e r a t u r e  d e c r e a s e  i s  t h e n  b r o u g h t  
a b o u t  b y  b r i n g i n g  t h e  h e a t e d  s p e c i m e n  i n t o  c o n t a c t  w i t h  a  c o o l i n g  a g e n t .  T h e  d i f f e r e n c e  i n  
t e m p e r a t u r e s  b e t w e e n  t h e  s p e c i m e n  a n d  t h e  c o o l i n g  a g e n t  i s  d e f i n e d  a s  t h e  ‘ q u e n c h i n g  
t e m p e r a t u r e  d i f f e r e n c e ’ . T h e  p r o c e s s  i s  r e p e a t e d  f o r  d i f f e r e n t  f u r n a c e  t e m p e r a t u r e s  u n t i l  t h e  
t e m p e r a t u r e  a t  w h i c h  f r a c t u r e  a n d / o r  p r o p e r t y  d e g r a d a t i o n  i s  j u s t  i n i t i a t e d  c a n  b e  d e t e r m i n e d .
T h e  d i f f e r e n c e  i n  t e m p e r a t u r e  b e t w e e n  t h i s  a n d  t h e  m e d i u m  i s  t h e  ‘ c r i t i c a l  q u e n c h i n g  
t e m p e r a t u r e  d i f f e r e n c e ’ , A T C.
M e t h o d s  t o  c a u s e  r a p i d  t e m p e r a t u r e  d e c r e a s e  o f  t h e  h e a t e d  s p e c i m e n  i n c l u d e  i m m e r s i n g  t h e  
s p e c i m e n  i n t o  a  q u e n c h i n g  m e d i u m ,  s u b j e c t i n g  i t  t o  a  f l o w  o f  h i g h  v e l o c i t y  c o l d  a i r  ( F a b e r  e t  a l .  
1 9 8 1 )  o r  w a t e r  ( A b s i  a n d  G l a n d u s  2 0 0 4 ) ,  a n d  c o n t a c t i n g  t h e  s p e c i m e n  w i t h  a  c o l d  m e t a l  r o d  
( R o g e r s  a n d  E m e r y  1 9 9 2 ) .  T h e  m o s t  p o p u l a r  m e t h o d  h a s  b e e n  t h e  f i r s t ,  w h i l e  t h e  m o s t  
c o m m o n l y  u s e d  q u e n c h i n g  m e d i u m  i s  r o o m - t e m p e r a t u r e  w a t e r  ( W a n g  a n d  S i n g h  1 9 9 4 ) .  O t h e r  
q u e n c h i n g  m e d i a  i n c l u d e  b o i l i n g  w a t e r  ( B e c h e r  1 9 8 1 ,  T i e g s  a n d  B e c h e r  1 9 8 7 ) ,  r o o m -  
t e m p e r a t u r e  a i r  ( B o c c a c c i n i  e t  a l .  1 9 9 8  a n d  1 9 9 9 ) ,  g l y c e r i n e  o i l  ( I s h i t s u k a  e t  a l .  1 9 8 9 ,  U r i b e  a n d  
B a u d i n  2 0 0 3 ) ,  s i l i c o n e  o i l  ( E v a n s  e t  a l .  1 9 7 5 ,  K o n s z t o w i c z  1 9 9 0  a n d  1 9 9 3 ,  T a n c r e t  a n d  
O s t e r s t o c k  1 9 9 7 ) ,  e t h y l e n e  g l y c o l  ( T h o m p s o n  a n d  R a w l i n g s  1 9 9 1 ) ,  m e t h y l  a l c o h o l  ( I s h i t s u k a  e t  
a l .  1 9 8 9 ) ,  l i q u i d  n i t r o g e n  ( L e e  e t  a l .  1 9 9 3 ,  T a n c r e t  a n d  O s t e r s t o c k  1 9 9 7 ) ,  l i q u i d  m e t a l s  ( H e n c k e  
e t  a l .  1 9 8 4 ) ,  p r e - h e a t e d  s a l t  ( S o b o y e j o  e t  a l .  2 0 0 1 ) ,  o r  f l u i d i z e d  b e d s  ( M o r r e l  1 9 9 3 ,  S c h n e i b e l  e t  
a l  1 9 9 8 ) .
T h e  a d v a n t a g e s  o f  t h e  q u e n c h  t e s t  i n c l u d e  i t s  s i m p l i c i t y  a n d  t h e  w e l l - d e f i n e d  t e m p e r a t u r e  
d i f f e r e n c e  b e t w e e n  s a m p l e  a n d  c o o l i n g  a g e n t .  H o w e v e r ,  a  m a j o r  d r a w b a c k  i s  t h a t  t h e  v a l u e  o f  
t h e  H T C  i s  o f t e n  d i f f i c u l t  t o  a s s e s s ,  e s p e c i a l l y  f o r  q u e n c h i n g  i n t o  w a t e r  w h e r e  h  i s  a f f e c t e d  b y  
d i f f e r e n t  b o i l i n g  p h e n o m e n a  ( K r e i t h  1 9 8 6 ) .  I n  a d d i t i o n ,  t h e  H T C  i s  n o t  a  c o n s t a n t  f o r  a  c e r t a i n  
q u e n c h i n g  m e d i u m ,  a s  i t  c h a n g e s  w i t h  s p e c i m e n  t e m p e r a t u r e  a n d  i s  a f f e c t e d  b y  t h e  s u r f a c e  f i n i s h  
o f  t h e  s p e c i m e n  ( B e c h e r  e t  a l .  1 9 8 0 ,  B e c h e r  1 9 8 1 ,  B e c h e r  a n d  W a r w i c k  1 9 9 3 ) .  Q u e n c h i n g  i n t o  
m e d i a  o t h e r  t h a n  w a t e r  r e s u l t s  i n  s i g n i f i c a n t l y  l o w e r  v a l u e s  o f  h  ( L e e  e t  a l  1 9 9 3 ) .  F o r  t h e s e  
r e a s o n s ,  q u e n c h i n g  e x p e r i m e n t s  a r e  s u i t a b l e  f o r  c o m p a r i n g  m a t e r i a l s  b u t  n o t  f o r  m e a s u r i n g  
a b s o l u t e  v a l u e s  ( P o m p e  e t a l .  1 9 9 3 ,  M o r r e l  1 9 9 3 ) .
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I n  a  f a s t  h e a t i n g  t e s t ,  u s u a l l y  t h e  c e n t r a l  a r e a  o f  a  s p e c i m e n  i s  q u i c l d y  h e a t e d  u p  b y  a  h e a t i n g  
s o u r c e .  H e a t i n g  s o u r c e s  u s e d  i n c l u d e  p l a s m a  j e t s ,  l a s e r s ,  e n e r g e t i c  e l e c t r o n  b e a m s ,  h o t  g a s  j e t s ,  
a r c  d i s c h a r g e s  a n d  h y d r o g e n - o x y g e n  f l a m e s  ( P o m p e  e t  a l  1 9 9 3 ,  S c h n e i d e r  a n d  P e t z o w  1 9 9 3 ) .  
T h e  f a s t  h e a t i n g  t e s t  c a u s e s  a  d i f f e r e n t  s t r e s s  d i s t r i b u t i o n  i n  t h e  s p e c i m e n  t o  t h e  q u e n c h  t e s t ,  
w h i c h  r e s u l t s  i n  t h e  a c t i v a t i o n  o f  a  d i f f e r e n t  p o p u l a t i o n  o f  f l a w s .  T h e  t h e r m a l  s h o c k  r e s i s t a n c e  o f  
a  m a t e r i a l  c a n  b e  e v a l u a t e d  b y  m e a s u r i n g  t h e  c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e  f o r  c r a c k  i n i t i a t i o n  
( i . e .  a s  i n  t h e  q u e n c h  t e s t ) ,  b y  m e a s u r i n g  t h e  c r i t i c a l  p o w e r  o f  t h e  h e a t i n g  s o u r c e  f o r  f a i l u r e ,  o r  b y  
m e a s u r i n g  t h e  t e m p e r a t u r e  g r a d i e n t  a s  a  f u n c t i o n  o f  t i m e  a n d  c a l c u l a t i n g  t h e  c o r r e s p o n d i n g  
e n e r g y  i n p u t  a n d  s t r e s s  i n t e n s i t y  f a c t o r  ( W a n g  a n d  S i n g h  1 9 9 4 ) .  G e n e r a l l y ,  t h e  t h e r m a l  s h o c k  
i n d u c e d  b y  a  h e a t i n g  s o u r c e  i s  c o n s i d e r e d  t o  b e  m u c h  l e s s  s e v e r e  t h a n  t h a t  i m p a r t e d  d u r i n g  a  
q u e n c h  t e s t ,  e s p e c i a l l y  w h e n  r o o m - t e m p e r a t u r e  w a t e r  i s  t h e  q u e n c h i n g  m e d i u m  ( C a s e  2 0 0 2 ) .
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2 . 3 . 3 .  A s s e s s m e n t  o f  T h e r m a l  S h o c k  D a m a g e
T h e  i m p a c t  o f  t h e r m a l  s h o c k  o n  t h e  p r o p e r t i e s  o f  a  c e r a m i c  o r  a  C M C  i s  a s s e s s e d  b y  m e a n s  o f  
d e s t r u c t i v e  a n d  n o n - d e s t r u c t i v e  t e s t i n g  m e t h o d s .  F l e x u r a l  o r  t e n s i l e  ( m a i n l y  f o r  C M C s )  t e s t s  o f  
s u i t a b l y - s i z e d  t h e r m a l l y - s h o c k e d  s p e c i m e n s  a r e  u s u a l l y  e m p l o y e d  t o  m e a s u r e  r e t a i n e d  
m e c h a n i c a l  p r o p e r t i e s  a s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e .  T h e  t e m p e r a t u r e  d i f f e r e n t i a l  
f o r  w h i c h  a  s i g n i f i c a n t  c h o p  i n  p r o p e r t y  v a l u e s  i s  o b s e r v e d  i s  t h e  A T C. F o r  m o n o l i t h i c  c e r a m i c s  
a n d  p a r t i c l e -  o r  w h i s k e r - r e i n f o r c e d  C M C s  t h e  p r o p e r t y  u n d e r  i n v e s t i g a t i o n  i s  u s u a l l y  s t r e n g t h ,  
w h e r e a s  i n  f i b r e - r e i n f o r c e d  C M C s  a  d r o p  i n  Y o u n g ’ s  m o d u l u s  i s  u s u a l l y  a  b e t t e r  i n d i c a t i o n  o f  
t h e  o n s e t  o f  d a m a g e .
A l t e r n a t i v e  a p p r o a c h e s ,  t e r m e d  ‘ i n d e n t a t i o n  t h e r m a l  s h o c k  t e s t s ’ ,  w i t h  p r e - c r a c k s  o f  k n o w n  
s i z e s  h a v e  b e e n  u s e d  b y  s e v e r a l  a u t h o r s  t o  a s s e s s  t h e r m a l  s h o c k  d a m a g e  i n  m o n o l i t h i c  c e r a m i c s .  
K n o o p  ( H a s s e l m a n n  e t  a l  1 9 7 8 ,  F a b e r  e t  a l  1 9 8 1 )  o r  V i c k e r s  ( G o n g  e t  a l  1 9 9 2 ,  O s t e r s t o c k  
1 9 9 3 ,  A n d e r s s o n  a n d  R o w c l i f f e  1 9 9 6 ,  T a n c r e t  a n d  O s t e r s t o c k  1 9 9 7 ,  C o l l i n  a n d  R o w c l i f f e  1 9 9 9  
a n d  2 0 0 0 ,  L e e  e t  a l  2 0 0 2 )  i n d e n t a t i o n s  w e r e  m a d e  o n  r e c t a n g u l a r  b a r s ,  w h i c h  w e r e  t h e n  h e a t e d  
t o  p r e - d e t e r m i n e d  t e m p e r a t u r e s  a n d  q u e n c h e d  i n t o  w a t e r .  C r a c k  e x t e n s i o n s  f r o m  t h e  i n d e n t a t i o n s  
w e r e  m e a s u r e d  a s  a  f u n c t i o n  o f  q u e n c h  t e m p e r a t u r e  d i f f e r e n t i a l ,  a n d  t h e  c r i t i c a l  t e m p e r a t u r e  f o r  
s p o n t a n e o u s  c r a c k  g r o w t h  ( f a i l u r e )  w a s  d e t e r m i n e d  f o r  t h e  m a t e r i a l .  F r a c t u r e  m e c h a n i c s  
a n a l y s e s ,  w h i c h  t o o k  i n t o  a c c o u n t  m e a s u r e d  r e s i s t a n c e - c u r v e  ( R - c u r v e )  f u n c t i o n s ,  w e r e  t h e n  u s e d  
t o  a c c o u n t  f o r  t h e  d a t a  t r e n d s .
I n  a d d i t i o n ,  i t  h a s  b e e n  s h o w n  ( B o c c a c c i n i  e t  a l  2 0 0 1 ,  C h l u p  e t  a l  2 0 0 1 )  t h a t  t h e  c h e v r o n -  
n o t c h e d  s p e c i m e n  f l e x u r a l  t e c h n i q u e  ( C N - t e c h n i q u e )  c a n  b e  a  r e l i a b l e  m e t h o d  t o  a s s e s s  f r a c t u r e  
p r o p e r t i e s  ( f r a c t u r e  t o u g h n e s s ,  w o r k  o f  f r a c t u r e )  i n  t h e r m a l l y - s h o c k e d  b r i t t l e  m a t r i x  c o m p o s i t e s  
r e i n f o r c e d  b y  b r i t t l e  f i b r e s .
A s  a n  a l t e r n a t i v e  t o  d e s t r u c t i v e  m e t h o d s ,  v a r i o u s  n o n - d e s t r u c t i v e  t e c h n i q u e s  h a v e  b e e n  
e m p l o y e d  t o  a s s e s s  d a m a g e  c a u s e d  b y  t h e r m a l  s h o c k .  T h e s e  i n c l u d e  t h e  d e t e r m i n a t i o n  o f  t h e  
p o s t - s h o c k  Y o u n g ’ s  m o d u l u s  u s i n g  u l t r a s o n i c s  o r  t h r o u g h  t h e  i d e n t i f i c a t i o n  o f  t h e  m e c h a n i c a l  
r e s o n a n t  f r e q u e n c i e s  o f  t h e  m a t e r i a l  ( C a r t e r  e t  a l  1 9 8 8 ,  L e e  a n d  C a s e  1 9 8 9  a n d  1 9 9 0 ,  W a n g  a n d  
S i n g h  1 9 9 4 ,  W a n g  e t  a l .  1 9 9 4  a n d  1 9 9 6 ,  B o c c a c c i n i  e t  a l .  1 9 9 7  a n d  1 9 9 8 ) ,  t h e  m o n i t o r i n g  o f  t h e  
c h a n g e  i n  t h e  s p e c t r a  o f  u l t r a s o n i c  p u l s e s  p a s s e d  t h r o u g h  a  s p e c i m e n  b e f o r e  a n d  a f t e r  t h e r m a l  
s h o c k  ( T h o m p s o n  a n d  R a w l i n g s  1 9 9 1 ) ,  t h e  a c o u s t i c  e m i s s i o n  t e c h n i q u e  ( E v a n s  e t  a l  1 9 7 5 ,  
K o n s z t o w i c z  1 9 9 0  a n d  1 9 9 3 ,  R o g e r s  a n d  E m e r y  1 9 9 2 ) ,  t h e  m e a s u r e m e n t  o f  t h e  c h a n g e  i n  
s p e c i f i c  d a m p i n g  c a p a c i t y  ( Q " 1)  ( L e e  a n d  C a s e  1 9 8 9  a n d  1 9 9 0 ,  B o c c a c c i n i  e t  a l  1 9 9 7 ,  1 9 9 8 ,
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1 9 9 9 ) ,  a n d  t h e  m e a s u r e m e n t  o f  t h e r m a l  d i f f u s i v i t y  b e f o r e  a n d  a f t e r  t h e  s h o c k  u s i n g  t h e  ‘ f l a s h  
d i f f u s i v i t y ’ m e t h o d  ( E l l i n g s o n  1 9 9 5 ,  G r a h a m  e t  a l  2 0 0 3 ) .
I n  a d d i t i o n ,  o p t i c a l  m i c r o s c o p y  ( e . g .  r e f l e c t e d  l i g h t  m i c r o s c o p y )  a n d  s c a n n i n g  e l e c t r o n  
m i c r o s c o p y  h a v e  b e e n  u s e d  e x t e n s i v e l y  f o r  d i r e c t  o b s e r v a t i o n  o f  c r a c k  p a t t e r n s  o n  s u i t a b l y -  
p o l i s h e d  s u r f a c e s  o f  t h e r m a l l y - s h o c k e d  s a m p l e s .  M o r e  r e c e n t l y ,  a  t h e r m a l  s h o c k  t e s t i n g  
t e c h n i q u e  h a s  b e e n  d e v e l o p e d  ( W e r e s z c z a l c  e t  a l  1 9 9 9 )  t h a t  u s e s  a  h i g h - r e s o l u t i o n ,  h i g h -  
t e m p e r a t u r e  i n f r a r e d  c a m e r a  t o  c a p t u r e  t h e  s u r f a c e  t e m p e r a t u r e  d i s t r i b u t i o n  o f  a  t e s t  s p e c i m e n  a t  
f r a c t u r e .
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2 . 4 .  T H E R M A L  S H O C K  O F  M O N O L I T H I C  C E R A M I C S
T h e  b e h a v i o u r  o f  c e r a m i c  m a t e r i a l s  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k  i s  c h a r a c t e r i s e d  b y  a  
n u m b e r  o f  p a r a m e t e r s  ( f i g u r e s - o f - m e r i t )  t h a t  c o n c e n t r a t e  o n  e i t h e r  t h e  i n i t i a t i o n  o f  c r a c k i n g  d u e  
t o  t h e r m a l  s h o c k  o r  t h e  r e s i s t a n c e  o f  a  m a t e r i a l  t o  c r a c k  p r o p a g a t i o n  d u r i n g  t h e r m a l  s h o c k  
( K i n g e r y  1 9 5 5 ,  H a s s e l m a n  1 9 7 0 ,  1 9 7 8  a n d  1 9 8 5 ) .  T h e  f i r s t  p a r a m e t e r  i s  d e r i v e d  b y  c o n s i d e r i n g  
[ 2 . 10]  a n d  a s s u m i n g  t h a t  f r a c t u r e  o c c u r s  w h e n  t h e  t h e r m a l l y - i n d u c e d  s t r e s s ,  o TS, b e c o m e s  e q u a l  
t o  t h e  s t r e n g t h  o f  t h e  m a t e r i a l ,  o t. B y  s o l v i n g  [ 2 . 1 0 ]  f o r  A T  ( = A T C)  w e  o b t a i n  t h e  ‘m a x i m u m  
a l l o w a b l e  q u e n c h i n g  t e m p e r a t u r e  d i f f e r e n c e ’ f o r  t h e  o n s e t  o f  c r a c k i n g  u n d e r  s e v e r e  t h e r m a l  
s h o c k  c o n d i t i o n s ,  i . e .  c o n d i t i o n s  t h a t  a p p r o x i m a t e  p e r f e c t  h e a t  t r a n s f e r  b e t w e e n  t h e  m a t e r i a l  
s u r f a c e  a n d  t h e  q u e n c h i n g  m e d i u m  ( e . g .  i n  w a t e r  q u e n c h ) ,  a s :
R  =  a ‘ ^ — l  p . 22]
E  a
[ 2 .22]  s h o w s  t h a t ,  f o r  h i g h  r e s i s t a n c e  t o  c r a c k  i n i t i a t i o n ,  h i g h  s t r e n g t h s  c o m b i n e d  w i t h  l o w  
s t i f f n e s s  a n d  C T E  a r e  r e q u i r e d .  U n d e r  m i l d  t h e r m a l  s h o c k  c o n d i t i o n s  ( e . g .  i n  a  b o i l i n g  w a t e r  
q u e n c h )  t h e  t h e r m a l  c o n d u c t i v i t y  a l s o  b e c o m e s  i m p o r t a n t  a n d  [2 .22]  i s  m o d i f i e d  t o  g i v e :
k  [ 2 . 2 3 ]
E  a
T h e  r e s i s t a n c e  t o  c r a c k  p r o p a g a t i o n  i s  c h a r a c t e r i s e d  b y  t h e  f o l l o w i n g  p a r a m e t e r :
R ' = ^ -  [ 2 . 2 4 ]
o-,2( l - v )
w h e r e  G  i s  t h e  s u r f a c e  f r a c t u r e  e n e r g y .  [ 2 . 2 3 ]  s h o w s  t h a t  f o r  b e t t e r  r e s i s t a n c e  t o  c r a c k  
p r o p a g a t i o n  h i g h  v a l u e s  o f  s t i f f n e s s  a n d  t o u g h n e s s  a r e  r e q u i r e d  c o m b i n e d  w i t h  l o w  s t r e n g t h s .
D i f f e r e n t  p a r a m e t e r s  i m p o s e  d i f f e r e n t  r e q u i r e m e n t s  o n  c e r a m i c  m a t e r i a l s  d e p e n d i n g  o n  w h e t h e r  
f r a c t u r e  r e s i s t a n c e  o r  c r a c k  p r o p a g a t i o n  r e s i s t a n c e  i s  o f  p r i m e  i m p o r t a n c e .  T h e  v a l u e s  o f  t h e  
a b o v e  p a r a m e t e r s  f o r  a  r a n g e  o f  c e r a m i c  m a t e r i a l s  a r e  p r e s e n t e d  i n  T a b l e  2 . 1 ,  w h e r e  t h e  
p r o p e r t y - d e p e n d e n c e  o f  t h e r m a l  s h o c k  b e h a v i o u r  c a n  b e  o b s e r v e d .
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T a b l e  2 . 1 .  V a l u e s  o f  t h e  t h e r m a l  s h o c k  r e s i s t a n c e  p a r a m e t e r s  R ,  R ' ,  R  " f o r  
a  r a n g e  o f  c e r a m i c  m a t e r i a l s  ( a f t e r  M u n z  a n d  F e t t  1 9 9 9 )
A l 2o 3 MgO Z r 0 2 S i C S 13N 4 BeO A l 2T i O s
H P S N *  R B S N * *
R ( K ) 7 3 4 6 3 2 4 2 0 6 4 9 5  3 4 2 4 7 9 6 2
R(kW aT') 2 / 9 3 . 9 2 . 7 6 6 7 5  2 0 3 6 9 . 6
JR. (mm) 0 . 2 3 0 . 2 8 0 .1 1 0 . 1 2 0 . 1 1  0 . 1 0 0 .7 1
*HPSN: Hot-pressed silicon nitride 
**RBSN: Reaction-bonded silicon nitride
A  v a r i e t y  o f  o t h e r  p a r a m e t e r s  h a v e  a l s o  b e e n  p r o p o s e d  t h a t  c h a r a c t e r i s e  t h e  t h e r m a l  s h o c k  
b e h a v i o u r  o f  b r i t t l e  m a t e r i a l s  u n d e r  a  r a n g e  o f  d i f f e r e n t  c o n d i t i o n s ,  a n d  t h e s e  c a n  b e  f o u n d  i n  
r e v i e w s  s u c h  a s  t h a t  o f  W a n g  a n d  S i n g h  ( 1 9 9 4 ) .
A l t e r n a t i v e  a n a l y s e s ,  a i m i n g  t o  c o m b i n e  t h e  t w o  d i f f e r e n t  a p p r o a c h e s ,  h a v e  b e e n  p e r f o r m e d  
u s i n g  f r a c t u r e  m e c h a n i c s  c o n c e p t s .  H a s s e l m a n  ( 1 9 6 9 )  c o n s i d e r e d  a  b r i t t l e  s o l i d  t h a t  c o n t a i n e d  
c i r c u l a r ,  u n i f o r m l y - d i s t r i b u t e d  G r i f f i t h  m i c r o c r a c k s .  C r a c k  i n s t a b i l i t y  d u e  t o  t h e r m a l  s h o c k  w a s  
a s s u m e d  t o  t a k e  p l a c e  b y  t h e  s i m u l t a n e o u s  r a d i a l  p r o p a g a t i o n  o f  N  c r a c k s  o f  r a d i u s  /  i n  a  u n i t  
v o l u m e .  H a s s e l m a n  p r o p o s e d  t h a t  t h e  d r i v i n g  f o r c e  f o r  c r a c k  p r o p a g a t i o n  i s  d e r i v e d  f r o m  t h e  
e l a s t i c  e n e r g y  s t o r e d  i n  t h e  b o d y  a t  t h e  i n s t a n t  o f  f r a c t u r e .  T h e  t o t a l  e n e r g y  p e r  u n i t  v o l u m e  o f  a  
b o d y  i s  t h e  s u m  o f  t h e  e l a s t i c  e n e r g y  a n d  t h e  f r a c t u r e  e n e r g y  o f  t h e  c r a c k s ,  i . e . :
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3(/.AT); R j
' 2 ( 1  -  2 v )  1 9 ( l  -  2 v )  J + Z M L y
[2.25]
C r a c k s  a r e  u n s t a b l e  b e t w e e n  t h o s e  l i m i t s  f o r  w h i c h :
d W f
d L
[ 2 . 2 6 ]
C o m b i n i n g  [ 2 . 2 5 ]  a n d  [ 2 . 2 6 ]  w e  g e t  t h e  c r i t i c a l  q u e n c h i n g  t e m p e r a t u r e  d i f f e r e n c e  a s :
A T  =
nG(l-2v)2 
2 E o r 2( l - v 2 ) L
V i
+
1 2 8 ^ g ( i - k 2 ) v 2 £ 5 ] ^
8 1 E o r 2
[ 2 . 2 7 ]
T h e  a n a l y s i s  s h o w e d  t h a t  a  m a t e r i a l  c o n t a i n i n g  s h o r t  c r a c k s ,  m u c h  s m a l l e r  t h a n  a  c h a r a c t e r i s t i c  
l e n g t h  L WI, w o u l d  p r o p a g a t e  i n  a n  u n s t a b l e  m a n n e r  a t  A T C,  d u e  t o  t h e  r e l e a s e d  e l a s t i c  e n e r g y  
b e i n g  c o n v e r t e d  i n t o  k i n e t i c  e n e r g y ,  t o w a r d s  a  f i n a l  c r a c k  l e n g t h  L / a n d  c a u s e  a  d r a s t i c  r e d u c t i o n  
i n  s t r e n g t h .  F o r  i n i t i a l l y  l o n g e r  c r a c k s ,  i . e .  L > L , „ ,  o r  f o r  s h o r t  c r a c k s  t h a t  h a v e  r e a c h e d  L / ,  
q u e n c h i n g  a t  h i g h e r  v a l u e s  o f  A T  c a u s e s  p r o p a g a t i o n  i n  a  s t a b l e ,  q u a s i - s t a t i c  m a n n e r  a n d  t h e  
m a t e r i a l  s h o w s  a  g r a d u a l  s t r e n g t h  d e c r e a s e  a b o v e  t h e  A T C a s s o c i a t e d  w i t h  t h a t  p a r t i c u l a r  c r a c k  
s i z e .  I n  a d d i t i o n ,  i t  w a s  s h o w n  t h a t  t h e r m a l  s h o c k  r e s i s t a n c e  i n c r e a s e d  w i t h  i n c r e a s i n g  i n i t i a l  
m i c r o c r a c k  d e n s i t y .
E v a n s  ( 1 9 7 5 ) ,  E v a n s  a n d  C h a r l e s  ( 1 9 7 7 ) ,  a n d  E m e r y  ( 1 9 8 0 )  p e r f o r m e d  m o r e  r e f i n e d  f r a c t u r e  
m e c h a n i c s  s t u d i e s  r e g a r d i n g  t h e  o n s e t  a n d  a r r e s t  c o n d i t i o n s ,  B a h r  e t  a l  ( 1 9 8 8 )  a n d  P o m p e  
( 1 9 9 3 )  e x t e n d e d  t h i s  w o r k  a n d  c o n s i d e r e d  t h e  p r o p a g a t i o n  o f  m u l t i p l e  c r a c k s ,  w h i l e  S w a i n  
( 1 9 9 0 )  f o u n d  t h a t  m a t e r i a l s  s h o w i n g  n o n - l i n e a r  d e f o r m a t i o n  a n d  R - c u r v e  b e h a v i o u r  h a v e  a  b e t t e r
r e s i s t a n c e  t o  t h e r m a l  s h o c k .  M o r e  s p e c i f i c a l l y ,  t h e  b e h a v i o u r  o f  a  c r a c k  i n  t h e  t h e r m a l  s h o c k -  
i n d u c e d  s t r e s s  f i e l d  w a s  d e d u c e d  f r o m  t h e  d e p e n d e n c e  o f  t h e  c r a c k  l e n g t h  o n  t h e  s t r e s s  i n t e n s i t y  
f a c t o r .  U n s t a b l e  p r o p a g a t i o n  o f  a  f l a w  i n  a  b r i t t l e  m a t e r i a l  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k  w a s  
a s s u m e d  t o  o c c u r  w h e n  t h e  f o l l o w i n g  c r i t e r i a  w e r e  s a t i s f i e d :
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K > K „ — > 3 E l  p . 2 8 ]
' d L  d L
w h e r e  K  i s  t h e  t h e r m a l  s t r e s s  i n t e n s i t y  f a c t o r ,  ICt t h e  m a t e r i a l  f r a c t u r e  t o u g h n e s s  ( I Q  o r  t h e  c r a c k  
l e n g t h - d e p e n d e n t  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r  ( K r )  f o r  m a t e r i a l s  t h a t  e x h i b i t  R - c u r v e  b e h a v i o u r ,  
a n d  a  i s  t h e  c r a c k  l e n g t h .  I n  t h e  c a s e  w h e r e :
d K  d K ,
K > K t i  < — l  [ 2 . 2 9 ]
1 d L  d L  L J
t h e  f l a w  w i l l  p r o p a g a t e  i n  a  s t a b l e  m a n n e r .  T h u s ,  b y  s u p e r i m p o s i n g  t h e  / Q - c u r v e  o f  a  m a t e r i a l  
o n t o  c u r v e s  t h a t  d e s c r i b e  t h e  K - c u r v e  b e h a v i o u r  g e n e r a t e d  f o r  a  g i v e n  t h e r m a l  s h o c k  t r e a t m e n t ,  
c o n d i t i o n s  o f  c r a c k  p r o p a g a t i o n  a n d  a r r e s t  w e r e  p r e d i c t e d .  S u c h  a n a l y s e s  v e r i f i e d  H a s s e l m a n ’ s  
f i n d i n g s  b u t  w e r e  a b l e  t o  d e f i n e  o n s e t  a n d  a r r e s t  c o n d i t i o n s  w i t h  b e t t e r  a c c u r a c y .
T h e  a n a l y s e s  w e r e  a l s o  f o u n d  t o  c o r r e l a t e  w e l l  w i t h  e x p e r i m e n t a l  f i n d i n g s .  H i g h - p e r f o r m a n c e  
e n g i n e e r i n g  c e r a m i c s  u s u a l l y  h a v e  h i g h  s t i f f n e s s e s  c o m b i n e d  w i t h  l o w  v a l u e s  o f  t o u g h n e s s .  D u e  
t o  c a r e f u l  p r o c e s s i n g  c o n d i t i o n s  t h e  n u m b e r  a n d  s i z e  o f  f l a w s  t h e y  c o n t a i n  a r e  l i m i t e d  e n s u r i n g  
h i g h  s t r e n g t h s .  T h e  e x t e n t  o f  t h e  t e m p e r a t u r e  d i f f e r e n t i a l s  t h a t  t h e y  c a n  s u s t a i n  w i t h o u t  c r a c k i n g  
i s  t h e n  m a i n l y  d i c t a t e d  b y  t h e  v a l u e s  o f  C T E  a n d ,  t o  a  l e s s e r  d e g r e e ,  b y  t h e  v a l u e s  o f  t h e r m a l  
c o n d u c t i v i t y .  M a t e r i a l s  w i t h  l o w e r  C T E  a n d  h i g h  t h e r m a l  c o n d u c t i v i t i e s  c a n  s u s t a i n  h i g h e r  A T s .
H o w e v e r ,  a l l  s u c h  m a t e r i a l s  s u f f e r  l a r g e  a n d  a b r u p t  l o s s e s  o f  s t r e n g t h  a t  A T C a s  c r a c k  
p r o p a g a t i o n  o c c u r s  i n  a n  u n s t a b l e  f a s h i o n .
B y  c o n t r a s t ,  r e f r a c t o r y  o r  p o r o u s  c e r a m i c  m a t e r i a l s  u s u a l l y  h a v e  l o w  s t i f f n e s s e s  a n d  c o n t a i n  a  l o t  
o f  l a r g e  f l a w s  o r  p o r e s .  T h e s e  m a t e r i a l s  d o  n o t  s h o w  a  d e f i n i t e  A T C b u t  e x h i b i t  a  g r a d u a l  
r e d u c t i o n  i n  s t r e n g t h  s t a r t i n g  a t  l o w  A T s .  E x a m p l e s  o f  b o t h  t y p e s  o f  m a t e r i a l s  a r e  g i v e n  i n  F i g .  
2 . 4 .
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A T C A T c r
Fig. 2.4. T h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  (a )  m o n o l i t h i c  a l u m i n a ,  a n d  ( b )  p o r o u s  S i C  
a t  d i f f e r e n t  s i n t e r i n g  t e m p e r a t u r e s  ( a f t e r  M u n z  a n d  F e t t  1 9 9 9 ) .
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2 . 5 .  T H E R M A L  S H O C K  O F  P A R T I C L E -  A N D  W H I S K E R - R E I N F O R C E D  C M C S
T h e  a t t r a c t i o n  i n  r e i n f o r c i n g  c e r a m i c  m a t r i c e s  w i t h  p a r t i c l e s  o r  w h i s k e r s  i s  t h a t ,  w i t h  a p p r o p r i a t e  
m i c r o s t r a c t u r a l  d e s i g n  a n d  p r o p e r t y  t a i l o r i n g ,  m a t e r i a l s  w i t h  p r o p e r t y  c o m b i n a t i o n s  n o t  p o s s i b l e  
i n  m o n o l i t h i c  c e r a m i c s  c a n  b e  o b t a i n e d .  I n  a d d i t i o n ,  t h e  m a t e r i a l s  r e m a i n  e f f e c t i v e l y  i s o t r o p i c  
a n d  c a n  b e  m a n u f a c t u r e d  b y  w e l l - e s t a b l i s h e d  t e c h n i q u e s  a l r e a d y  i n  u s e  f o r  t h e  m a n u f a c t u r e  o f  
m o n o l i t h i c  c e r a m i c s  ( H a n s s o n  a n d  W a r r e n  2 0 0 0 ) .
I t  i s  t h e  c a p a b i l i t y  o f  p r o p e r t y  t a i l o r i n g  t h a t  g i v e s  p a r t i c l e -  a n d  w h i s k e r - r e i n f o r c e d  C M C s  t h e  
e d g e  o v e r  m o n o l i t h i c  c e r a m i c s  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k .  B y  c h o o s i n g  c a r e f u l l y  t h e  
p r o p e r t i e s  o f  t h e  r e i n f o r c e m e n t ,  r e d u c t i o n s  i n  Y o u n g ’ s  m o d u l u s  a n d  C T E  c o m b i n e d  w i t h  
i n c r e a s e s  i n  t h e r m a l  c o n d u c t i v i t y  c o m p a r e d  w i t h  t h e  u n r e i n f o r c e d  m a t r i x  m a t e r i a l  c a n  b e  
r e a l i s e d .  S t r i c t  m i c r o s t r a c t u r a l  c o n t r o l  d u r i n g  p r o c e s s i n g  c a n  r e s u l t  i n  f u l l y  d e n s e ,  f i n e l y - g r a i n e d  
m a t e r i a l s  w i t h  g o o d  a d h e s i o n  b e t w e e n  r e i n f o r c e m e n t  a n d  m a t r i x  t h a t  e n s u r e  h i g h  s t r e n g t h s .  I n  
t h i s  w a y ,  h i g h  c r i t i c a l  t e m p e r a t u r e  d i f f e r e n t i a l s  f o r  c r a c k  i n i t i a t i o n  c a n  b e  a c h i e v e d .  I n  a d d i t i o n ,  
t h e  p r e s e n c e  o f  t h e  r e i n f o r c e m e n t  r e s u l t s  i n  t h e  i n t r o d u c t i o n  o f  a  n u m b e r  o f  e n e r g y - d i s s i p a t i n g  
m e c h a n i s m s  s u c h  a s  c r a c k  d e f l e c t i o n ,  c r a c k  b r i d g i n g  e t c . ,  w h i c h  s i g n i f i c a n t l y  i m p r o v e  t o u g h n e s s  
a n d  d a m a g e  t o l e r a n c e .  T h u s ,  b e t t e r  r e s i s t a n c e  t o  c r a c k  p r o p a g a t i o n  c o m p a r e d  w i t h  m o n o l i t h i c  
c e r a m i c s  i s  a l s o  p o s s i b l e .  T h e  r e s u l t  i s  a  m a t e r i a l  t h a t  c a n  s u s t a i n  h i g h e r  v a l u e s  o f  A T  a n d ,  i n  
a d d i t i o n ,  r e t a i n  a  h i g h e r  p e r c e n t a g e  o f  i t s  i n i t i a l  s t r e n g t h  a t  A T  >  A T C c o m p a r e d  w i t h  i t s  
m o n o l i t h i c  e q u i v a l e n t .
A  n u m b e r  o f  e x p e r i m e n t a l  s t u d i e s  s u p p o r t  t h e  a b o v e  a n a l y s i s .  A g h a j a n i a n  e t  a l .  ( 1 9 8 9 )  r e p o r t e d  
t h a t  t h e  A T C o f  l o w  p o r o s i t y  a l u m i n a - m a t r i x  C M C s  r e i n f o r c e d  w i t h  a l u m i n i u m  p a r t i c l e s  
i n c r e a s e d  c o m p a r e d  w i t h  u n r e i n f o r c e d  a l u m i n a ,  w h i l e  p o r o u s  C M C s  w i t h  t h e  s a m e  c o n s t i t u e n t s
b e h a v e d  a s  r e f r a c t o r y  c e r a m i c s ,  i . e .  d i s p l a y e d  a  l o w ,  b u t  n o t  d e f i n i t e ,  A T C a n d  g r a d u a l  r e d u c t i o n  
i n  s t r e n g t h  w i t h  i n c r e a s i n g  A T .  S i m i l a r  r e f r a c t o r y - t y p e  b e h a v i o u r  w a s  o b s e r v e d  b y  A l d r i d g e  a n d  
Y e o m a n s  ( 1 9 9 9 )  i n  t h e  c a s e  o f  a  s i n t e r e d  a l u m i n a - m a t r i x  c o m p o s i t e  r e i n f o r c e d  w i t h  2 0  v o l . %  
i r o n  p a r t i c l e s  t h a t  c o n t a i n e d  i n c r e a s e d  l e v e l s  o f  p o r o s i t y .  H o w e v e r ,  a  s i m i l a r  h o t - p r e s s e d  C M C  
w i t h  l o w  p o r o s i t y  e x h i b i t e d  m u c h  h i g h e r  A T C a n d  h i g h e r  s t r e n g t h  r e t e n t i o n  a t  A T C c o m p a r e d  w i t h  
m o n o l i t h i c  a l u m i n a ,  F i g .  2 . 5 ) .  Z i n  a n d  B a t r a  ( 1 9 9 9 )  s h o w e d  t h e o r e t i c a l l y  t h a t  c r a c k  b r i d g i n g  b y  
m e t a l  p a r t i c l e s  r e s u l t e d  i n  a  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  i n t e n s i t y  
f a c t o r .
B a n n i s t e r  a n d  S w a i n  ( 1 9 9 0 )  a n d  S w a i n  ( 1 9 9 1 )  i n v e s t i g a t e d  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  Z rC >2-  
p a r t i c l e - r e i n f o r c e d  A I 2O 3 a n d  A I N -  a n d  B N -  p a r t i c l e  r e i n f o r c e d  T i B 2 a n d  r e p o r t e d  h i g h e r  t h e r m a l  
s h o c k  r e s i s t a n c e  c o m p a r e d  w i t h  t h e  r e s p e c t i v e  m o n o l i t h s  a s  w e l l  a s  n o  s i g n i f i c a n t  r e d u c t i o n  i n  
p o s t - s h o c l c  f l e x u r a l  s t r e n g t h .  T h i s  w a s  a t t r i b u t e d  t o  t h e  m a t e r i a l s  e x h i b i t i n g  R - c u r v e  b e h a v i o u r  
d u e  t o  t h e  f o r m a t i o n  o f  m i c r o c r a c k s  a r o u n d  t h e  r e i n f o r c i n g  p h a s e s .
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Fig. 2.5. T h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  h o t - p r e s s e d  a l u m i n a ,  h o t - p r e s s e d  a n d  s i n t e r e d  a l u m i n a  
r e i n f o r c e d  w i t h  i r o n  p a r t i c l e s  ( a f t e r  A l d r i d g e  a n d  Y e o m a n s  1 9 9 9 ) .
W a n g  e t  a l  ( 2 0 0 1 )  f o u n d  i m p r o v e d  r e s i s t a n c e  t o  t h e r m a l  s h o c k  ( b y  ~ 7 0 ° C )  o f  a  6 v o l . %  t u n g s t e n  
c a r b i d e  p a r t i c l e  r e i n f o r c e d  a l u m i n a  c o m p a r e d  w i t h  t h e  u n r e i n f o r c e d  m a t e r i a l ,  w h i c h  w a s  
c o n s i s t e n t  w i t h  h i g h e r  t o u g h n e s s ,  r e d u c t i o n s  i n  Y o u n g ’ s  m o d u l u s  a n d  C T E ,  a s  w e l l  a s  t h e  s t r o n g  
b o n d i n g  o f  t h e  r e i n f o r c e m e n t  p a r t i c l e s  t o  t h e  m a t r i x  ( s o  t h a t  t h e y  d i d  n o t  a c t  a s  s t r e n g t h - r e d u c i n g  
f l a w s ) .  S i m i l a r  r e a s o n s  w e r e  p u t  f o r w a r d  b y  U r i b e  a n d  B a u d i n  ( 2 0 0 3 )  t o  e x p l a i n  t h e  i n c r e a s e d  
t h e r m a l  s h o c k  r e s i s t a n c e  o f  a n  a l u m i n a - m a t r i x  C M C  r e i n f o r c e d  w i t h  1 0  v o l . %  a l u m i n i u m  
t i t a n a t e  p a r t i c l e s ,  a n d  a l s o  b y  N i e t o  e t  a l  ( 2 0 0 4 ) ,  w h o  o b s e r v e d  i n c r e a s e d  r e s i s t a n c e  t o  c r a c k  
i n i t i a t i o n  a n d  s t a b l e  c r a c k  p r o p a g a t i o n  i n  a n  a l u m i n a  c o n t a i n i n g  1 0  v o l . %  s u b - m i c r o n - s i z e d  A I N  
p a r t i c l e s .  I n  t h e  c a s e  o f  a l u m i n a / s i l i c o n  c a r b i d e - p a r t i c l e  n a n o c o m p o s i t e s ,  M a e n s i r i  a n d  R o b e r t s  
( 2002)  o b s e r v e d  s u p e r i o r  r e s i s t a n c e  t o  t h e r m a l  s h o c k  c o m p a r e d  w i t h  t h e  m a t r i x  m a t e r i a l .  
H o w e v e r ,  s i n c e  n o  c h a n g e s  i n  t h e r m a l  o r  m e c h a n i c a l  p r o p e r t i e s  c o u l d  b e  i d e n t i f i e d ,  t h e  
i m p r o v e m e n t  w a s  a s s o c i a t e d  w i t h  a  c h a n g e  i n  c r a c k  p a t h  ( i n t e r g r a n u l a r  i n  a l u m i n a ,  t r a n s g r a n u l a r  
i n  t h e  n a n o c o m p o s i t e ) .
S i m i l a r  o b s e r v a t i o n s  h a v e  b e e n  m a d e  r e g a r d i n g  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  w h i s k e r -  
r e i n f o r c e d  C M C s .  T i e g s  a n d  B e c h e r  ( 1 9 8 7 )  r e p o r t e d  n o  d e c r e a s e  i n  f l e x u r a l  s t r e n g t h  f o l l o w i n g  
q u e n c h e s  i n t o  b o i l i n g  w a t e r  f o r  a  2 0  v o l . %  S i C  w h i s k e r - r e i n f o r c e d  A I 2O 3. T h e  a u t h o r s  n o t e d  t h a t  
a  s m a l l  i n c r e a s e  i n  t h e r m a l  c o n d u c t i v i t y  a n d  a  s l i g h t  d e c r e a s e  i n  C T E  o f  t h e  c o m p o s i t e ,  
c o m p a r e d  w i t h  t h e  m a t r i x  m a t e r i a l ,  c o u l d  n o t  a c c o u n t  f o r  t h e  e x t e n t  o f  t h e  i m p r o v e m e n t  i n  
t h e r m a l  s h o c k  r e s i s t a n c e  a n d  a t t r i b u t e d  i t  t o  t h e  i n t e r a c t i o n  o f  m i c r o c r a c k s  w i t h  t h e  
r e i n f o r c e m e n t  ( i . e .  c r a c k  a r r e s t ,  d e f l e c t i o n ,  e t c . ) ,  w h i c h  r e s u l t e d  i n  i n c r e a s e d  t o u g h n e s s .  S i m i l a r  
c o n c l u s i o n s  w e r e  d r a w n  b y  C o l l i n  a n d  R o w c l i f f e  ( 2 0 0 1 )  w h o  t e s t e d  t h e  s a m e  m a t e r i a l  u s i n g  t h e  
i n d e n t a t i o n - q u e n c h  m e t h o d .  P e t t e r s s o n  a n d  J o h n s o n  ( 2 0 0 3 )  i d e n t i f i e d  a  c l e a r  c o r r e l a t i o n  b e t w e e n  
i n c r e a s e d  t o u g h n e s s  a n d  p r o n o u n c e d  R - c u r v e  b e h a v i o u r  w i t h  i m p r o v e d  t h e r m a l  s h o c k  r e s i s t a n c e  
t o  e x p l a i n  t h e  b e h a v i o u r  o f  a l u m i n a  r e i n f o r c e d  w i t h  T i  ( C ,  N )  w h i s k e r s .  Z h a o  e t  a l  ( 2 0 0 2 )
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i n v e s t i g a t e d  t h e  t h e r m a l  s h o c k  r e s i s t a n c e  o f  p - s i a l o n  m a t r i x  c o m p o s i t e s  r e i n f o r c e d  w i t h  t i t a n i u m  
c a r b o n i t r i d e  w h i s k e r s  a n d  n o t i c e d  t h a t  t h e  a d d i t i o n  o f  w h i s k e r s  h a d  n o  i n f l u e n c e  o n  t h e  m a t r i x  
m i c r o s t r u c t u r e ,  b u t  t h e i r  p r e s e n c e  i m p r o v e d  b o t h  t h e  h a r d n e s s  a n d  t h e  f r a c t u r e  t o u g h n e s s  o f  t h e  
C M C s .  N o  u n s t a b l e  c r a c k  e x t e n s i o n  o c c u r r e d  i n  t h e  c o m p o s i t e s  f o r  A T = 9 0 - 7 0 0 ° C ,  b u t  a b o v e  
7 0 0 ° C  p e r f o r m a n c e  d e t e r i o r a t e d  a s  a  r e s u l t  o f  s e v e r e  o x i d a t i o n  o f  t h e  w h i s k e r s .
S t u d i e s  h a v e  a l s o  s h o w n  t h a t ,  s i n c e  t h e  a m o u n t  o f  r e i n f o r c e m e n t  a d d e d  a f f e c t s  a l l  m e c h a n i c a l  
a n d  t h e r m a l  p r o p e r t i e s ,  t h e r e  i s  a n  o p t i m u m  v o l u m e  f r a c t i o n  o f  p a r t i c l e  o r  w h i s k e r  r e i n f o r c e m e n t  
t h a t  s h o u l d  b e  a d d e d  t o  t h e  m a t r i x  m a t e r i a l  t o  e n s u r e  s u p e r i o r  r e s i s t a n c e  t o  t h e r m a l  s h o c k  
( B e c h e r  1 9 8 1 ,  J i a  e t  a l  1 9 9 6 ,  S b a i z e r o  a n d  P e z z o t t i  2 0 0 3 ,  P e t t e r s s o n  a n d  J o h n s o n  2 0 0 3 ) .  T h e  
s h a p e  o f  t h e  r e i n f o r c e m e n t  a l s o  p l a y s  a n  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  b e h a v i o u r  u n d e r  t h e r m a l  
s h o c k .  S b a i z e r o  a n d  P e z z o t t i  ( 2 0 0 3 )  s h o w e d  t h a t  t h e  u s e  o f  c o a r s e  a n d  e l o n g a t e d  p a r t i c l e s  
r e s u l t e d  i n  b e t t e r  C M C  p e r f o r m a n c e  c o m p a r e d  w i t h  t h e  u s e  o f  f i n e - g r a i n e d  p a r t i c l e s .
T h e  i m p o r t a n c e  o f  c a r e f u l  t a i l o r i n g  o f  t h e  c o n s t i t u e n t s  t o  a c h i e v e  i m p r o v e d  t h e r m a l  s h o c k  
r e s i s t a n c e  i s  h i g h l i g h t e d  b y  t h e  s t u d y  o f  J i a  e t  a l  ( 1 9 9 6 ) .  T h e  i n c o r p o r a t i o n  o f  S i C  w h i s k e r s  i n  
S i s N 4 r e s u l t e d  i n  t h e  C M C  h a v i n g  a  l o w e r  A T C t h a n  m o n o l i t h i c  S i s N ^  a s  t h e  C M C  h a d  a  s l i g h t l y  
l o w e r  t h e r m a l  c o n d u c t i v i t y  b u t  a  m u c h  l a r g e r  C T E  c o m p a r e d  w i t h  t h e  u n r e i n f o r c e d  m a t r i x .  
H o w e v e r ,  s t a b l e  c r a c k  g r o w t h  o c c u r r e d  i n  t h e  C M C  i n  c o n t r a s t  t o  u n s t a b l e  c r a c k  g r o w t h  i n  t h e  
m o n o l i t h i c  m a t e r i a l ,  w h i c h  w a s  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  t h e  r e i n f o r c e m e n t .  I t  w a s  c o n c l u d e d  
t h a t  u n r e i n f o r c e d  S i 3N 4 i s  m o r e  s u i t a b l e  f o r  u s e  u n d e r  m i l d  t h e r m a l  s h o c k  c o n d i t i o n s ,  w h e r e  t h e  
o b j e c t i v e  i s  t o  a v o i d  f r a c t u r e ,  w h i l e  t h e  C M C  s h o u l d  b e  u s e d  u n d e r  s e v e r e  t h e r m a l  s h o c k  
c o n d i t i o n s ,  w h e r e  i n i t i a t i o n  o f  c r a c k i n g  i s  u n a v o i d a b l e  a n d  r e s i s t a n c e  t o  c r a c k  p r o p a g a t i o n  a n d  
p o s t - s h o c k  s t r e n g t h  r e t e n t i o n  b e c o m e  i m p o r t a n t .
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T h e  b e h a v i o u r  o f  p a r t i c l e -  a n d  w h i s k e r - r e i n f o r c e d  C M C s  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k  c a n  
b e  m o d e l l e d  s u c c e s s f u l l y  u s i n g  t h e  f r a c t u r e  m e c h a n i c s  m e t h o d s  o u t l i n e d  i n  t h e  p r e v i o u s  
p a r a g r a p h  ( e . g .  A l d r i d g e  a n d  Y e o m a n s  2 0 0 1 )  w h i l e  t h e  t h e r m a l  s h o c k  p a r a m e t e r s  ( f i g u r e s - o f -  
m e r i t )  c a n  a l s o  b e  u s e f u l  f o r  i n i t i a l  m a t e r i a l  c o m p a r i s o n .
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2 . 6 .  T H E R M A L  S H O C K  O F  F I B R E - R E I N F O R C E D  C M C S
2 . 6 . 1 .  I n t r o d u c t i o n
A l t h o u g h  p a r t i c l e -  a n d  w h i s k e r - r e i n f o r c e d  C M C s  c a n  e x h i b i t  b e t t e r  t h e r m a l  s h o c k  b e h a v i o u r  
c o m p a r e d  w i t h  m o n o l i t h i c  c e r a m i c s ,  g e n e r a l l y  t h e y  s t i l l  s h o w  a  s t e p  d e c r e a s e  i n  t h e i r  s t r e n g t h  a t  
A T C. A  c o m b i n a t i o n  o f  t h e  p r o p e r t i e s  o f  h i g h - p e r f o r m a n c e  e n g i n e e r i n g  c e r a m i c s  w i t h  h i g h  A T C 
a n d  g r a d u a l  s t r e n g t h  r e d u c t i o n  a b o v e  A T C ( i . e .  r e f r a c t o r y - t y p e  b e h a v i o u r )  c a n  o n l y  b e  r e a l i s e d  
w i t h  t h e  i n c o r p o r a t i o n  o f  c o n t i n u o u s  c e r a m i c  f i b r e s  i n t o  c e r a m i c  m a t r i c e s .
W i t h  o p t i m u m  s e l e c t i o n  o f  f i b r e s  a n d  m a t r i c e s ,  f a v o u r a b l e  r e s i d u a l  s t r e s s  c o n d i t i o n s  c a n  b e  
e s t a b l i s h e d  i n  t h e  m a t r i x ,  w h i c h  l e a d  t o  i n c r e a s e d  A T C. A b o v e  A T C,  m a t r i x  c r a c k s  a p p e a r  b u t  t h e  
p r e s e n c e  o f  c r a c k - d e f l e c t i n g  f i b r e - m a t r i x  i n t e r f a c e s  e n s u r e s  m i n i m a l  e f f e c t  o n  m e c h a n i c a l  
p r o p e r t i e s  a s  t h e  f i b r e s  r e m a i n  l a r g e l y  u n a f f e c t e d .  A s  d a m a g e  i s  a l s o  c o n f i n e d  m o s t l y  t o  t h e  
s u r f a c e  o f  t h e  m a t e r i a l s ,  c h a n g e s  i n  m e c h a n i c a l  a n d  t h e r m a l  p r o p e r t i e s  a r e  m o r e  r e a d i l y  
i d e n t i f i e d  b y  m e a n s  o t h e r  t h a n  m e c h a n i c a l  t e s t i n g .
I n  t h e  f o l l o w i n g  p a r a g r a p h s  a n  o v e r v i e w  o f  d a m a g e  d u e  t o  t h e r m a l  s h o c k  a n d  i t s  e f f e c t  o n  t h e  
m e c h a n i c a l  p r o p e r t i e s  o f  C M C s  w i t h  d i f f e r e n t  f i b r e  a r c h i t e c t u r e s  i s  p r o v i d e d  f o r  a  n u m b e r  o f  
d i f f e r e n t  r e i n f o r c e m e n t  a r c h i t e c t u r e s .  S u b s e q u e n t l y ,  t h e  e f f e c t  o f  t h e r m a l  s h o c k  o n  i n t e r f a c i a l  
p r o p e r t i e s  i s  d i s c u s s e d ,  f o l l o w e d  b y  a  d e s c r i p t i o n  o f  a t t e m p t s  t o  a n a l y s e  a n d  m o d e l  t h e  t h e r m a l  
s h o c k  b e h a v i o u r  o f  t h e s e  m a t e r i a l s .
2.6.2. Thermal Shock Damage and its Effect on Mechanical 
and Thermal Properties
2.6.2.1. Unidirectional (UD) CMCs
B h a t t  a n d  P h i l l i p s  ( 1 9 9 0 )  r e p o r t e d  t h a t  t h e r m a l  s h o c k  r e d u c e d  t h e  f l e x u r a l  m e c h a n i c a l  p r o p e r t i e s  
o f  a  U D  c o m p o s i t e  c o m p r i s i n g  S i C - f i b r e s  i n  a  r e a c t i o n - b o n d e d  S i 3N 4 m a t r i x  b u t  t h a t  i t  d i d  n o t  
a f f e c t  i t s  t e n s i l e  p r o p e r t i e s  ( Y o u n g ’ s  m o d u l u s ,  u l t i m a t e  s t r e n g t h ,  m a t r i x  c r a c k i n g  s t r e s s ) .  I t  w a s  
s u g g e s t e d  t h a t  t h e  l o s s  i n  f l e x u r a l  s t r e n g t h  w a s  c a u s e d  b y  t h e  l o s s  o f  i n t e r - p l y  i n t e g r i t y  o f  t h e  
c o m p o s i t e  a f t e r  m a t r i x  f r a c t u r e  a n d  t h e  f a i l u r e  m o d e  c h a n g i n g  f r o m  a  t e n s i l e  f r a c t u r e  t o  
d e l a m i n a t i o n  d r i v e n  b y  s h e a r  s t r e s s .
M a t r i x  c r a c k i n g  d u e  t o  t h e r m a l  s h o c k  a n d  i t s  e f f e c t  o n  t h e  f l e x u r a l  p r o p e r t i e s  o f  U D  N i c a l o n ™  
f i b r e - r e i n f o r c e d  c o m p o s i t e s  w i t h  b o r o s i l i c a t e  g l a s s  ( P y r e x ™ )  a n d  l i t h i u m  a l u m i n o s i l i c a t e  ( L A S )  
m a t r i c e s  w a s  d e s c r i b e d  b y  K a g a w a  e t  a l  ( 1 9 8 9  a n d  1 9 9 3 ) .  D a m a g e  w a s  c o n f i n e d  t o  t h e  s u r f a c e  
( t w o  t o  t h r e e  f i b r e  d i a m e t e r s  d e e p )  a n d  i n d e p e n d e n t  o f  A T .  T h e  P y r e x ™ - m a t r i x  s y s t e m  e x h i b i t e d  
m u l t i p l e  m a t r i x  c r a c k i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s  a t  A T c= 6 0 0 ° C ,  w h i c h  c o i n c i d e d  w i t h  a  
n o t a b l e  d e c r e a s e  i n  Y o u n g ’ s  m o d u l u s  a n d  f l e x u r e  s t r e n g t h .  T h e  d e c r e a s e  i n  E  w a s  a t t r i b u t e d  t o  
m a t r i x  c r a c k  f o r m a t i o n  o n  t h e  s p e c i m e n  s u r f a c e ,  b u t  t h e  r e d u c t i o n  i n  f l e x u r e  s t r e n g t h  w a s  
e x p l a i n e d  a s  a  c h a n g e  i n  f a i l u r e  m o d e  t o  i n t e r l a m i n a r  s h e a r  f a i l u r e ,  c a u s e d  b y  a  r e d u c t i o n  i n  
i n t e r f a c i a l  s h e a r  s t r e n g t h  d u e  t o  t h e r m a l  s h o c k .
I n  t h e  L A S - m a t r i x  s y s t e m  m a t r i x  c r a c k s  p a r a l l e l  t o  t h e  f i b r e  a x i s  w e r e  m a i n l y  o b s e r v e d  a t  
A T c= 8 0 0 ° C ,  a c c o m p a n i e d  b y  a  r e d u c t i o n  i n  Y o u n g ’ s  m o d u l u s ,  a l t h o u g h  f l e x u r e  s t r e n g t h  s e e m e d  
t o  r e m a i n  u n a f f e c t e d  b y  t h e r m a l  s h o c k  t r e a t m e n t .  T h i s  w a s  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  t h e  
d i r e c t i o n  o f  m a t r i x  c r a c k  p r o p a g a t i o n  i n  t h e  t w o  c o m p o s i t e s  d u e  t o  t h e  f o r m a t i o n  o f  a -
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s p o d u m e n e - s i l i c a  s o l u t i o n  i n  t h e  L A S  m a t r i x  d u r i n g  t h e r m a l  s h o c k ,  w h i c h  c o u l d  h a v e  a c t e d  a s  a  
s o u r c e  o f  m i c r o c r a c k i n g  b e c a u s e  o f  t h e r m a l  e x p a n s i o n  m i s m a t c h .
M u l t i p l e  m a t r i x  c r a c k i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s  w a s  a l s o  r e p o r t e d  b y  B l i s s e t t  e t  a l .  
( 1 9 9 7 )  f o r  a  U D  N i c a l o n ™ / C A S  ( c a l c i u m  a l u m i n o s i l i c a t e )  ( F i g .  2 . 6 ) .
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Fig. 2.6. M u l t i p l e  m a t r i x  c r a c k i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s  d u e  t o  t h e r m a l  
s h o c k  i n  U D  N i c a l o n ™ / C A S  ( a f t e r  B l i s s e t t  e t  a l. 1 9 9 7 )
T h e  d e n s i t y  o f  t h e s e  c r a c k s  i n c r e a s e d  w i t h  i n c r e a s i n g  A T  b u t  s h o w e d  a  r e d u c t i o n  f o r  A T > 8 0 0 ° C ,  
w h i c h  s e e m e d  t o  b e  c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  o f  s t r o n g  s i l i c a  b r i d g i n g  b e t w e e n  t h e  m a t r i x  
a n d  t h e  f i b r e s .
I n  a d d i t i o n  t o  m a t r i x  c r a c k i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s ,  m a t r i x  c r a c k s  a l s o  o c c u r r e d  p a r a l l e l  
t o  t h e  m i d - p l a n e  o f  t h e  l a m i n a t e .  T h e s e  c r a c k s  w e r e  f i r s t  s e e n  o n  t h e  e n d  f a c e s  o f  t h e  c o m p o s i t e  
a t  A T c= 4 0 0 ° C  ( F i g .  2 . 7 ) .
T h e  d e p t h  t h e  c r a c k s  p e n e t r a t e d  i n t o  t h e  m a t r i x  i n c r e a s e d  a n d  t h e i r  p a t h  g e o m e t r i e s  c h a n g e d  w i t h  
i n c r e a s i n g  A T .  T h e s e  e f f e c t s  w e r e  a t t r i b u t e d  t o  t h e  i n t e r a c t i o n  o f  i n c r e a s i n g  a p p l i e d  t h e r m a l  
s t r e s s e s  w i t h  s i m u l t a n e o u s  r e d u c t i o n s  i n  t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h  d u e  t o  o x i d a t i o n  o f  c a r b o n .
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F i g .  2 . 7 .  (a )  P h o t o m i c r o g r a p h ,  a n d  ( b )  s c h e m a t i c  o f  m a t r i x  c r a c k i n g  o n  e n d  
f a c e  o f  U D  N i c a l o n ™ / C A S  ( a f t e r  B l i s s e t t  e t a l.  1 9 9 7 ) .
S i m i l a r  d a m a g e  m o d e s ,  t e r m e d  ‘ t h e r m a l  d e b o n d  c r a c k s ’ w e r e  o b s e r v e d  b y  G r a h a m  e t  a l .  ( 2 0 0 3 )  
o n  t h e  e n d  f a c e  o f  a  t h e r m a l l y - s h o c k e d  U D  N i c a l o n ™ / L A S  I I  c o m p o s i t e .  T h e  a u t h o r s  
h i g h l i g h t e d  t h e  p r e s e n c e  o f  h i g h  t e n s i l e  r a d i a l  s t r e s s e s  a c r o s s  t h e  f i b r e - m a t r i x  i n t e r f a c e ,  w h i c h  
f a v o u r e d  t h e  a p p e a r a n c e  o f  s u c h  c r a c k s ,  a n d  n o t e d  t h a t  t h e y  t e n d e d  t o  r u n  t h r o u g h  f i b r e - r i c h  
r e g i o n s  w h e r e  t h e s e  s t r e s s e s  a r e  h i g h e s t .  R e d u c t i o n s  i n  t h e r m a l  d i f f u s i v i t y  d u e  t o  t h e r m a l  d e b o n d  
c r a c k  f o r m a t i o n  w e r e  m e a s u r e d .  T h e  a p p e a r a n c e  o f  s u c h  d a m a g e  m o d e s  m a y  a l s o  b e  r e s p o n s i b l e  
f o r  t h e  c h a n g e  i n  f a i l u r e  m o d e  u n d e r  f l e x u r e  r e p o r t e d  f o r  o t h e r  s y s t e m s  ( B h a t t  a n d  P h i l l i p s  1 9 9 0 ,  
K a g a w a e / a / .  1 9 9 3 ) .
B l i s s e t t  e t  a l .  ( 1 9 9 8 )  r e p o r t e d  t h a t  t h e r m a l  s h o c k  e f f e c t s  o n  t h e  r e s i d u a l  f l e x u r a l  p r o p e r t i e s  o f  t h e  
N i c a l o n ™ / C A S  w e r e  m o r e  e v i d e n t  a t  i n t e r m e d i a t e  t e m p e r a t u r e  d i f f e r e n t i a l s ,  i . e .  A T = 4 5 0 - 6 0 0 ° C  
a n d  t h i s  w a s  a t t r i b u t e d  t o  t h e  o b s e r v e d  m a t r i x  c r a c k i n g .
2 . 6 . 2 . 2 .  C r o s s - p l y  C M C s
B l i s s e t t  ( 1 9 9 5 )  s t u d i e d  c r o s s - p l y  N i c a l o n ™ / C A S  l a m i n a t e s  o f  t w o  d i f f e r e n t  l a y - u p s  a n d  r e p o r t e d  
t h a t  t h e r m a l  s h o c k  d a m a g e  w i t h i n  i n d i v i d u a l  p l i e s  w a s  s i m i l a r  t o  t h a t  s e e n  i n  U D  s p e c i m e n s  o f  
t h e  s a m e  m a t e r i a l  ( B l i s s e t t  e t  a l .  1 9 9 7 ) .
I n i t i a l  d a m a g e  i n  a  ( 02o/ 904° ) s l a m i n a t e  w a s  s u s t a i n e d  a t  A T c = 4 0 0 ° C  i n  t h e  e i g h t  c e n t r a l  9 0 °  p l i e s ,  
a n d  c o n s i s t e d  o f  a  s i n g l e  t h e r m a l  d e b o n d  c r a c k  s i m i l a r  t o  t h e  o n e s  o b s e r v e d  o n  t h e  e n d  f a c e s  o f  
U D  N i c a l o n ™ / C A S  ( F i g .  2 . 8 ) .
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Fig. 2.8. P h o t o m i c r o g r a p h  o f  t h e r m a l  d e b o n d  c r a c k  i n  t h e  e i g h t  c e n t r a l  90° 
p l i e s  o f  a  ( 02° / 904° ) s N i c a l o n ™ / C A S  l a m i n a t e  ( B l i s s e t t  1995).
A s  t h i s  d a m a g e  m o d e  i s  n o t  o b s e r v e d  u n d e r  m o n o t o n i c  t e n s i l e  o r  f a t i g u e  l o a d i n g  a p p l i e d  a l o n g  
t h e  a x i s  o f  t h e  l o n g i t u d i n a l  f i b r e s  i n  t h e  0 °  p l i e s  ( e . g .  P r y c e  a n d  S m i t h  1 9 9 2 ) ,  i t s  a p p e a r a n c e  i s  
i n d i c a t i v e  o f  t h e  b i - a x i a l  n a t u r e  o f  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  f i e l d .  S h o r t  c r a c k s  j u s t  
c r o s s i n g  t h e  i n t e r f a c e  b e t w e e n  p l i e s  a s  a  r e s u l t  o f  t h e r m a l  s h o c k  t r e a t m e n t  w e r e  a l s o  r e p o r t e d .  I t  
w a s  n o t e d  t h a t  b o t h  d a m a g e  m o d e s  b e c a m e  m o r e  p r o n o u n c e d  a t  h i g h e r  v a l u e s  o f  A T .
T h e  s e c o n d  l a m i n a t e ,  ( 0 7 9 0 ° ) 3 S, e x h i b i t e d  o n l y  s l i g h t l y  d i f f e r e n t  c r a c k i n g  f e a t u r e s ,  a t t r i b u t e d  t o  
t h e  d i f f e r e n c e  i n  t h e  s t a c k i n g  s e q u e n c e s  o f  t h e  l a m i n a t e s .  A  m a j o r  t h e r m a l  d e b o n d  c r a c k  
a p p e a r e d  a t  A T C = 3 5 0 ° C  a n d  w a s  c o n f i n e d  t o  t h e  t w o  c e n t r a l  9 0 °  p l i e s .  S i m i l a r  c r a c k s  w e r e  
o b s e r v e d  i n  s o m e  o f  t h e  a d j a c e n t  9 0 °  p l i e s  b u t  w e r e  l e s s  p r o n o u n c e d .  A t  A T = 4 0 0 ° C  m a t r i x  
c r a c k s  p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  f i b r e s  a p p e a r e d  i n  t h e  0 °  p l i e s .  F o r  h i g h e r  v a l u e s  o f  A T ,  
d e b o n d  c r a c k s  w e r e  o b s e r v e d  i n  m o s t  o f  t h e  o t h e r  9 0 °  p l i e s  w h i l e  t h e  p e r p e n d i c u l a r  m a t r i x  c r a c k s  
w e r e  s e e n  c r o s s i n g  t o  t h e  a d j a c e n t  9 0 °  p l i e s  b e f o r e  b e i n g  a r r e s t e d  b y  t h e  h o r i z o n t a l l y - r u n n i n g  
d e b o n d  c r a c k s .  H o w e v e r ,  t h e  o u t e r  p l i e s  a n d  t h e  t h i n n e r  0 °  p l i e s  s e e m e d  t o  r e m a i n  i n t a c t  u p  t o  
A T = 7 2 0 ° C .  F l e x u r e  s t r e n g t h  a n d  Y o u n g ' s  m o d u l u s  w e r e  f o u n d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  A T  
( B l i s s e t t  e t  a l .  1 9 9 8 ) .
2.6.2.3. 2-D and 3-D Woven CMCs
C M C s  w i t h  2 - D  w o v e n  f i b r e  r e i n f o r c e m e n t s  h a v e  b e e n  f o u n d  t o  p o s s e s s  h i g h e r  r e s i s t a n c e  t o  
t h e r m a l  s h o c k  t h a n  u n i d i r e c t i o n a l  o r  c r o s s - p l y  C M C s  o f  t h e  s a m e  c o n s t i t u e n t s  ( N i c a l o n ™  f i b r e s  
a n d  S i C  m a t r i c e s )  a n d  p r e p a r e d  b y  t h e  s a m e  m e t h o d  ( C h e m i c a l  V a p o u r  I n f i l t r a t i o n - C V I )  ( W a n g  
e t a l .  1 9 9 7 ) .
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O n l y  a  s l i g h t  d r o p  i n  t h e  f l e x u r a l  s t r e n g t h  o f  a  w o v e n  N i c a l o n ™ / A l 203 c o m p o s i t e  w a s  o b s e r v e d  
b y  F a r e e d  e t  a l .  ( 1 9 9 0 )  a f t e r  q u e n c h i n g  t h r o u g h  A T = 1 0 0 0 ° C  a n d  1 2 0 0 ° C .  T h i s  w a s  a t t r i b u t e d  t o  
t h e  e f f e c t i v e l y  e n g i n e e r e d  w e a k  f i b r e / m a t r i x  i n t e r f a c e .
L a m i c q  e t  a l .  ( 1 9 8 6 )  r e p o r t e d  t h a t  t h e  b e n d i n g  s t r e n g t h  o f  w a t e r - q u e n c h e d  w o v e n  S i C / S i C  ( C V I )  
s p e c i m e n s  d e c r e a s e d  s l i g h t l y  i n  t h e  q u e n c h  r a n g e  A T = 3 0 0 - 7 5 0 ° C ,  a n d  t h e n  r e m a i n e d  u n c h a n g e d  
u p  t o  A T = 1 2 0 0 ° C .  T h e  c o m p o s i t e  a l s o  s e e m e d  t o  e x h i b i t  a  s t e e p  j R - c u r v e  b e h a v i o u r .
W a n g  e t  a l .  ( 1 9 9 4  a n d  1 9 9 6 )  r e p o r t e d  o n  t h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  2 - D  w o v e n  
N i c a l o n ™ / S i C  C M C s  m a n u f a c t u r e d  b y  C V I  a n d  p o l y m e r  i m p r e g n a t i o n  a n d  p y r o l y s i s  ( P I P ) ,  a s  
w e l l  a s  t h a t  o f  a  N e x t e l ™ - 3 1 2 / S i C  ( C V I )  c o m p o s i t e  s y s t e m .  T h e  N e x t e l ™ / S i C  ( C V I )  s y s t e m  
f a i l e d  i n  p o s t - q u e n c h  f l e x u r e  t e s t s  b y  f r a c t u r e  t h r o u g h  t h e  2 - D  f i b r e  p l a n e s  a n d  s h o w e d  d i f f e r e n t  
c r i t i c a l  t e m p e r a t u r e  d i f f e r e n t i a l s  f o r  t h e  o n s e t  o f  d e c r e a s e  i n  e a c h  o f  i t s  m a c r o s c o p i c  p r o p e r t i e s .  
R e d u c t i o n  i n  u l t i m a t e  s t r e n g t h ,  o Uj b e g a n  a t  A T c( o u) = 4 0 0 ° C ,  m a t r i x  c r a c k i n g  s t r e s s ,  a m c, s t a r t e d  
t o  d e c r e a s e  a t  A T c ( o mc) = 6 0 0 ° C ,  w h i l e  t h e  w o r k  o f  f r a c t u r e  ( W O F )  d e c r e a s e d  c o n t i n u o u s l y  a s  A T  
i n c r e a s e d .  R e d u c t i o n s  i n  t h e r m a l  d i f f u s i v i t y  w i t h  i n c r e a s i n g  v a l u e s  o f  A T  w e r e  a l s o  r e p o r t e d  f o r  
t h i s  s y s t e m  b y  E l l i n g s o n  ( 1 9 9 5 ) .
T h e  p r o p e r t i e s  o f  t h e  N i c a l o n ™ / S i C  ( P I P )  s y s t e m  f o l l o w e d  a  s i m i l a r  p a t t e r n  ( A T c ( o u) = 4 0 0 ° C ,  
A T c( a m c) = 5 0 0 ° C ) ,  t h o u g h  t h i s  s y s t e m  f a i l e d  t h r o u g h  a n  i n t e r l a m i n a r  s h e a r  f a i l u r e  p r o c e s s  
( d e l a m i n a t i o n )  a n d  t h e  p r o p e r t y  r e d u c t i o n  s a t u r a t e d  a t  A T = 6 0 0 ° C .  T h e  N i c a l o n ™ / S i C  ( C V I )  
s y s t e m  f a i l e d  b y  f r a c t u r e  t h r o u g h  f i b r e  p l a n e s  b u t  i t s  p r o p e r t i e s  ( a u ,  a m c, W O F )  h a d  t h e  s a m e  
c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e ,  A T c= 7 0 0 ° C .  T h e  p r e -  a n d  p o s t - q u e n c h  s t r e s s - d i s p l a c e m e n t  c u r v e s  
f o r  t h i s  m a t e r i a l  c a n  b e  s e e n  i n  F i g .  2 . 9 .
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H o w e v e r ,  m e a s u r e m e n t  o f  t h e  Y o u n g ’ s  m o d u l u s  o f  t h i s  s y s t e m  b e f o r e  a n d  a f t e r  q u e n c h i n g  b y  
m e a n s  o f  a  d y n a m i c  m e c h a n i c a l  r e s o n a n c e  t e c h n i q u e  s h o w e d  t h e  o n s e t  o f  d e c r e a s e  a t  
A T c( E ) = 4 0 0 ° C ,  i . e .  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  A T C o f  t h e  o t h e r  p r o p e r t i e s .
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Displacement (mm)
Fig. 2.9. E f f e c t  o f  i n c r e a s i n g  A T  o n  s t r e s s - d i s p l a c e m e n t  c u r v e s  o f  N i c a l o n ™ / S i C  ( C V I )
- s o l i d  l i n e  c o r r e s p o n d s  t o  u n s h o c k e d  s a m p l e  ( a f t e r  W a n g  e t  a l. 1 9 9 6 ) .
A n  a s s e s s m e n t  o f  t h e  t h e r m a l  s h o c k  d a m a g e  o f  w o v e n  N i c a l o n ™ / S i C  ( C V I )  c o m p o s i t e  
s p e c i m e n s  w a s  p e r f o r m e d  b y  W e b b  e t  a l .  ( 1 9 9 6 ) ,  t h e  r e s u l t s  b e i n g  c o n f i r m e d  s u b s e q u e n t l y  b y  
K a g a w a  ( 1 9 9 7 ) .  I t  w a s  n o t e d  t h a t  t h e  m a n y  p o r e s  a n d  i r r e g u l a r i t i e s  i n  t h e  m a t r i x  i n h e r e n t  t o  t h i s  
p a r t i c u l a r  c o m p o s i t e  g e o m e t r y  p r o v i d e  s t r e s s  c o n c e n t r a t i o n s  t h a t  a m p l i f y  t h e  t h e r m a l  l o a d i n g  a n d  
c r e a t e  p r e f e r e n t i a l  s i t e s  f o r  c r a c k  f o r m a t i o n .  F o r  t h i s  r e a s o n ,  C V I - S i C  c o m p o s i t e s  e x h i b i t  l o w e r  
A T C f o r  t h e  o n s e t  o f  c r a c k i n g  t h a n  m o n o l i t h i c  S i C  ( K a g a w a  1 9 9 7 ) . T h r e e  t y p e s  o f  t h e r m a l  s h o c k -  
i n d u c e d  d a m a g e  o n  t h e  m a t e r i a l  s u r f a c e  w e r e  r e p o r t e d :  ( 1 )  M a t r i x  c r a c k s  t h a t  o r i g i n a t e d  f r o m  t h e  
c o m e r s  o f  u n i n f i l t r a t e d  p o r e s  i n  r e g i o n s  o u t s i d e  f i b r e  b u n d l e s .  T h e s e  c r a c k s  a p p e a r e d  a t  
A T = 2 5 0 ° C  a n d  d i d  n o t  p e n e t r a t e  d e e p l y  i n t o  t h e  f i b r e  b u n d l e s ,  t h o u g h  t h e  p e n e t r a t i o n  d e p t h
i n c r e a s e d  w i t h  i n c r e a s i n g  A T ;  ( 2 )  M a t r i x  c r a c k s  b e t w e e n  f i b r e s  w i t h i n  a  f i b r e  b u n d l e .  T h e s e  
o c c u r r e d  a t  A T = 1 0 0 0 ° C  a n d  w e r e  s i m i l a r  t o  t h e r m a l  s h o c k  d a m a g e  o b s e r v e d  b y  K a g a w a  e t  a l .  
( 1 9 9 3 )  i n  U D  C M C s ;  a n d  ( 3 )  D e g r a d a t i o n  o f  t h e  f i b r e - m a t r i x  i n t e r f a c e  a n d  r e m o v a l  o f  f i b r e s .  
T h i s  t y p e  o f  d a m a g e  a p p e a r e d  a t  A T = 6 0 0 ° C  b u t  w a s  a t t r i b u t e d  t o  b o t h  t h e r m a l  s h o c k  a n d / o r  
o x i d a t i o n  e f f e c t s .  I n  a d d i t i o n ,  m a t r i x  c r a c k s  t h a t  s e v e r e d  l i g a m e n t s  b e t w e e n  c l o t h s  w e r e  s e e n  a t  
A T > 6 0 0 ° C  i n  t h e  i n t e r i o r  o f  t h e r m a l l y - s h o c k e d  s p e c i m e n s  ( F i g u r e  2 . 1 0 ) .
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Fig. 2.10. T h e r m a l  s h o c k  d a m a g e  t o  i n t e r i o r  o f  N i c a l o n ™ / S i C  ( C V I )  a t  A T = 1 0 0 0 ° C .
( a f t e r  W e b b  e t a l. 1 9 9 6 )
T h e  m e c h a n i s m  o f  f o r m a t i o n  o f  t h e s e  c r a c k s  i s  n o t  c l e a r  a s  t h e r m a l  s h o c k  l o a d i n g  i n d u c e s  
m a i n l y  h i g h  s t r e s s e s  a t  o r  n e a r  t h e  s u r f a c e .  W e b b  e t  a l .  ( 1 9 9 6 )  r e p o r t e d  t h a t  f u r t h e r  i n c r e a s e s  i n  
A T  i n c r e a s e d  t h e  s e v e r i t y  o f  a l l  t y p e s  o f  t h e r m a l  s h o c k  d a m a g e .
C o r r e l a t i o n  o f  t h e s e  o b s e r v a t i o n s  w i t h  p r o p e r t y  m e a s u r e m e n t s  b y  W a n g  e t  a l .  ( 1 9 9 6 ) ,  l e d  t o  t h e  
p o s t u l a t i o n  t h a t  s u r f a c e  m a t r i x  c r a c k s  t h a t  a p p e a r  a t  l o w  A T  ( = 2 5 0 ° C )  a r e  n o t  s t r e n g t h -  
c o n t r o l l i n g  b u t  t h e y  a r e  r e s p o n s i b l e  f o r  t h e  r e d u c t i o n  i n  Y o u n g ’ s  m o d u l u s  o b s e r v e d  a t
A T c ( E ) = 4 0 0 ° C .  O n  t h e  o t h e r  h a n d ,  t h e  i n t e r i o r  c r a c k s  t h a t  s e v e r e d  l i n k s  b e t w e e n  f i b r e  c l o t h s  a t  
A T > 6 0 0 ° C  s e e m  t o  a f f e c t  t h e  s t r e n g t h  o f  t h e  c o m p o s i t e ,  w h i c h  d e c r e a s e s  a f t e r  A T c= 7 0 0 ° C .  S u c h  
b e h a v i o u r  w a s  s u m m a r i s e d  b y  B o c c a c c i n i  ( 1 9 9 8 )  i n  t h e  g r a p h  o f  F i g .  2 . 1 1 .  I t  h a s  t o  b e  n o t e d  t h a t  
t h e  b e h a v i o u r  o f  E  i s  a l s o  t y p i c a l  o f  s o m e  t h e r m a l  p r o p e r t i e s  o f  C M C s  ( E l l i n g s o n  1 9 9 5 ,  G r a h a m  
e t  a l .  2 0 0 3 ) .  N o t e  t h a t  t h e r e  i s  n o  a b r u p t  c h a n g e  i n  a n y  p r o p e r t y  a b o v e  A T C. E l o w e v e r ,  i f  t h e  
s t r e n g t h  o f  t h e  f i b r e - m a t r i x  i n t e r f a c e  i s  s t r o n g ,  f i b r e - r e i n f o r c e d  C M C s  r e v e r t  t o  b e h a v i o u r  t y p i c a l  
o f  m o n o l i t h i c  c e r a m i c s  ( T w i t t y  e t  a l .  1 9 9 5 ) .
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F i g .  2 . 1 1 .  S c h e m a t i c  d i a g r a m  s h o w i n g  t h e  v a r i a t i o n  o f  f r a c t u r e  s t r e n g t h  ( a ) ,  Y o u n g ’s  m o d u l u s ( E ) ,  
i n t e r n a l  f r i c t i o n  ( Q 1) ,  a n d  m i c r o c r a c k i n g  d e n s i t y  ( s )  w i t h  i n c r e a s i n g  s h o c k  s e v e r i t y .
( a f t e r  B o c c a c c i n i  1 9 9 8 )
T h e  t h e r m a l  s h o c k  b e h a v i o u r  o f  a  3 - D  c a r b o n  f i b r e - r e i n f o r c e d  S i C - m a t r i x  C M C  m a n u f a c t u r e d  
b y  C V I  w a s  a s s e s s e d  u s i n g  t h e  a i r - q u e n c h  m e t h o d  b y  Y i n  e t  a l  ( 2 0 0 2 ) .  D a m a g e  c o n s i s t e d  o f  
m a t r i x  c r a c k s  t h a t  i n d u c e d  a  r e d u c t i o n  i n  Y o u n g ’ s  m o d u l u s ,  s t r e n g t h ,  a n d  w o r k  o f  f r a c t u r e  f o r  
A T > 7 0 0 ° C .
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I t  a p p e a r s  t h a t  t h e  s t r e n g t h  o f  t h e  f i b r e - m a t r i x  b o n d  i n  t h e r m a l l y - s h o c k e d  C M C s  r e m a i n s  
u n a f f e c t e d  u n l e s s  h i g h  t e m p e r a t u r e  o x i d a t i o n  p r o c e s s e s  a r e  i n v o l v e d .  B o c c a c c i n i  e t  a l  ( 1 9 9 9 )  
d i d  n o t  i d e n t i f y  a n y  s i g n i f i c a n t  c h a n g e s  i n  t h e  p r o p e r t i e s  o f  t h e  f i b r e - m a t r i x  i n t e r f a c e  o f  
S i C / b o r o s i l i c a t e  g l a s s  c o m p o s i t e s  a s  a  r e s u l t  o f  t h e r m a l  s h o c k ,  w h i l e  C h a w l a  e t  a l  ( 2 0 0 1 )  
o b s e r v e d  o n l y  a  s l i g h t  d e c r e a s e  i n  t h e  i n t e r f a c i a l  s h e a r  s t r e s s  o f  a  t h e r m a l l y - s h o c k e d  N i c a l o n ™ -  
f i b r e  S i C - w h i s k e r  B M A S  ( b a r i u m  m a g n e s i u m  a l u m i n o s i l i c a t e ) - m a t r i x  h y b r i d  c o m p o s i t e .  I f  
h e a t i n g  a n d  s o a k i n g  a t  t e m p e r a t u r e s  h a r m f u l  t o  t h e  i n t e g r i t y  o f  t h e  i n t e r f a c e  a r e  i n v o l v e d  p r i o r  t o  
q u e n c h i n g ,  d e g r a d a t i o n  d u e  t o  o x i d a t i o n  p r o c e s s e s  o c c u r s  ( B l i s s e t t  e t  a l  1 9 9 7  a n d  1 9 9 8 ) .  I n  t h i s  
c a s e ,  c h a n g e s  i n  p r o p e r t i e s  a r e  e x p l a i n e d  a s  a  c o m b i n a t i o n  o f  b o t h  o x i d a t i o n  a n d  t h e r m a l  s h o c k  
( G r a h a m  e t  a l  2 0 0 3 ) .  T h e  o x i d a t i o n  o f  t h e  c a r b o n  i n t e r f a c e  i n  N i c a l o n ™ - r e i n f o r c e d  g l a s s  
c e r a m i c - m a t r i x  C M C s  l e a d s  t o  c r a c k s  i n  t h e  m a t r i x  c a u s i n g  f i b r e  f a i l u r e  d u e  t o  t h e  r e s u l t i n g  
s t r o n g  i n t e r f a c i a l  b o n d  ( B l i s s e t t  e t  a l  1 9 9 7 ) .
2.6.3. Studies of the Interface
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2 . 7 .  T H E O R E T I C A L  C O N S I D E R A T I O N S
O n l y  a  f e w  s t u d i e s  h a v e  a p p e a r e d  i n  t h e  l i t e r a t u r e  r e g a r d i n g  t h e  a n a l y s i s  a n d  m o d e l l i n g  o f  t h e  
t h e r m a l  s h o c k  b e h a v i o u r  o f  f i b r e - r e i n f o r c e d  C M C s .
W a n g  a n d  C h o u  ( 1 9 9 1 )  s t u d i e d  n u m e r i c a l l y  t h e  3 - D  t r a n s i e n t  t h e r m a l  s t r e s s  i n  a n g l e - p l y  
l a m i n a t e d  c o m p o s i t e s  c a u s e d  b y  s u d d e n  c h a n g e s  i n  t h e  t h e r m a l  b o u n d a r y  c o n d i t i o n s .  T h e  s t u d y  
s h o w e d  t h a t  A T C w o u l d  b e  r e d u c e d  i f  t h e  f i b r e  v o l u m e  f r a c t i o n ,  V / ,  t h e  C T E  o r  t h e  Y o u n g ’ s  
m o d u l u s  o f  t h e  c o m p o s i t e  i n c r e a s e d ,  w h i l e  i t  w o u l d  i n c r e a s e  w i t h  i n c r e a s i n g  t h e r m a l  
c o n d u c t i v i t y .  B y  c o n t r a s t ,  B o c c a c c i n i  ( 1 9 9 8 )  s h o w e d  t h a t  i n c r e a s i n g  V / i n c r e a s e d  t h e  A T  f o r  t h e  
o n s e t  o f  m a t r i x  c r a c k i n g  i n  g l a s s  a n d  g l a s s - c e r a m i c  m a t r i x  c o m p o s i t e s .  W a n g  a n d  C h o u  ( 1 9 9 1 )  
a l s o  d e m o n s t r a t e d  t h a t  t h e  c h a n g e  i n  C T E  h a d  t h e  b i g g e s t  e f f e c t  o n  A T C w h i l e  t h e  c h a n g e  i n  
t h e r m a l  c o n d u c t i v i t y  h a d  t h e  l e a s t  i n f l u e n c e .  I n  a d d i t i o n ,  a s  t h e  f i b r e  o r i e n t a t i o n  a n g l e  d e v i a t e s  
f r o m  4 5 °  t o w a r d s  9 0 °  o r  0 °  t h e  i n t e r l a m i n a r  n o r m a l  s t r e s s  d e c r e a s e d  w h i l e  t h e  i n - p l a n e  t h e r m a l  
s t r e s s  t r a n s v e r s e  t o  t h e  f i b r e  d i r e c t i o n  i n c r e a s e d .  T h i s  r e s u l t e d  i n  t h e  i n i t i a l  f a i l u r e  m e c h a n i s m  
c h a n g i n g  f r o m  d e l a m i n a t i o n  t o  m a t r i x  m i c r o - c r a c k i n g .
W a n g  e t  a l  ( 1 9 9 6 )  p e r f o r m e d  a  1 - D  q u a l i t a t i v e  a n a l y s i s  u s i n g  t h e  s t r e s s e s  g e n e r a t e d  d u e  t o  
t h e r m a l  s h o c k  a n d  t h e  r e s i d u a l  s t r e s s e s  a s s o c i a t e d  w i t h  t h e  t h e r m a l  e x p a n s i o n  m i s m a t c h  b e t w e e n  
t h e  f i b r e s  a n d  t h e  m a t r i x .  T h e  a n a l y s i s  s h o w e d  t h a t  i f  ( C T E ) / >  ( C T E ) , „  t h e n  t h e  m a t r i x  i s  u n d e r  
t e n s i o n  o n l y  i n  t h e  r a d i a l  d i r e c t i o n  a n d  p o s s i b l e  m a t r i x  c r a c k i n g  w i l l  b e  c i r c u m f e r e n t i a l ,  w h i l e  
t h e  f i b r e  i s  u n d e r  t e n s i o n  i n  a l l  d i r e c t i o n s  ( l o n g i t u d i n a l ,  r a d i a l ,  a n d  c i r c u m f e r e n t i a l ) ,  w h i c h  m a y  
p r o m o t e  f i b r e  d a m a g e .  I f  ( C T E ) /  <  ( C T E ) , „ ,  t h e n  t h e  m a t r i x  i s  u n d e r  t e n s i o n  i n  b o t h  l o n g i t u d i n a l  
a n d  c i r c u m f e r e n t i a l  d i r e c t i o n s ;  h e n c e ,  r a d i a l  a n d  n o r m a l - t o - f i b r e  m a t r i x  c r a c k i n g  w i l l  b e  
p o s s i b l e .  M o r e o v e r ,  t h e  f i b r e  i s  u n d e r  c o m p r e s s i o n  i n  a l l  t h r e e  d i r e c t i o n s ,  s o  f i b r e  d a m a g e  w i l l  b e
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l i m i t e d .  D e b o n d i n g  w o u l d  a l s o  b e  p o s s i b l e  i n  b o t h  c a s e s .  A s  a  c o n f i r m a t i o n ,  t h e y  a p p l i e d  t h e i r  
a n a l y s i s  t o  t h e  r e s u l t s  o f  K a g a w a  e t  a l .  ( 1 9 9 3 ) .  I n  t h e  N i c a l o n ™ / P y r e x ™  c o m p o s i t e ,  w h e r e  
( C T E  V  <  ( C T E ) , „ ,  t h e  m a t r i x  i s  u n d e r  a  t e n s i l e  s t r e s s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  w h i c h  d i c t a t e s  
t h a t  c r a c k s  w i l l  b e  p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s ,  a s  o b s e r v e d  i n  t h e  e x p e r i m e n t .  C o n v e r s e l y ,  i n  
t h e  L A S - m a t r i x  c o m p o s i t e  ( C T E ) /  >  ( C T E ) , „ ,  i . e .  t h e  m a t r i x  i s  u n d e r  t e n s i o n  i n  t h e  r a d i a l  
d i r e c t i o n ,  w h i c h  r e s u l t s  i n  c r a c k s  p a r a l l e l  t o  t h e  f i b r e .
P a r t i c u l a r  i n t e r e s t  h a s  b e e n  p a i d  t o  t h e  a n a l y t i c a l  p r e d i c t i o n  o f  t h e  A T C f o r  t h e  o n s e t  o f  m a t r i x  
c r a c k i n g .  B l i s s e t t  e t  a l .  ( 1 9 9 7 )  a n d  B o c c a c c i n i  ( 1 9 9 8 )  c o n s i d e r e d  t h e  r e s i d u a l  s t r e s s e s  p r e s e n t  i n  
t h e  c o m p o s i t e  d u e  t o  t h e r m a l  e x p a n s i o n  m i s m a t c h  b e t w e e n  f i b r e  a n d  m a t r i x  w h i c h ,  w h e n  
s u p e r i m p o s e d  t o  t h e  a p p l i e d  t h e r m a l  s t r e s s e s ,  c o u l d  l e a d  t o  m a t r i x  c r a c k i n g .  T h e i r  a p p r o a c h  w a s  
b a s e d  o n  t h e  a s s u m p t i o n  t h a t  d i e  s t r e s s  t h a t  p r o d u c e s  m a t r i x  c r a c k i n g  w o u l d  b e  t h e  s a m e  w h e t h e r  
a p p l i e d  m e c h a n i c a l l y  o r  t h e r m a l l y .  H e n c e ,  t h e  m a t r i x  c r a c k i n g  s t r e s s  ( o mu)  w a s  e q u a t e d  w i t h  t h e  
c r i t i c a l  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  ( a r s ) ,  w h i c h  i s  t h e  t h e r m a l  s t r e s s  r e q u i r e d  t o  p r o d u c e  
m a t r i x  c r a c k i n g ,  t a k i n g  a l s o  i n t o  a c c o u n t  t h e  e f f e c t  o f  r e s i d u a l  s t r e s s  ( o r) ,  i . e .
[ 2 . 3 0 ]
F o l l o w i n g  [ 2 . 1 8 ] ,  t h e  c r i t i c a l  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  i s  g i v e n  a s :
or.CTS
A E a A T £
l - v
[ 2 . 3 1 ]
F o r  B l i s s e t t  e t  a l .  ( 1 9 9 7 ) ,  E ,  a ,  a n d  v  a r e  m a t r i x  p r o p e r t i e s  w h e r e a s  B o c c a c c i n i  ( 1 9 9 8 )  d e f i n e s  
‘ e f f e c t i v e ’ v a l u e s  c a l c u l a t e d  u s i n g  t h e  r u l e  o f  m i x t u r e s .
B l i s s e t t  e t  a l  ( 1 9 9 7 )  u s e d  t h e  c o n c e n t r i c  c y l i n d e r  m o d e l  o f  P o w e l l  e t  a l  ( 1 9 9 3 )  t o  o b t a i n  r e s i d u a l  
s t r e s s e s  w h e r e a s  B o c c a c c i n i  ( 1 9 9 8 )  u t i l i s e d  t h e  r e s u l t s  o f  a  s i m p l e  f o r c e  b a l a n c e  i n  1 - D  
p e r f o r m e d  b y  W a n g  e t  a l  ( 1 9 9 6 ) ,  w h i c h  g i v e s  t h e  r e s i d u a l  t h e r m a l  s t r e s s e s  i n  t h e  m a t r i x  a l o n g  
t h e  a x i a l  d i r e c t i o n  a s :
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1 +
E w A a A T
E„,(l ~ V , j  
B , V ,
[ 2 . 3 2 ]
D i f f e r e n t  m o d e l s  w e r e  a l s o  u s e d  t o  o b t a i n  t h e  m a t r i x  c r a c k i n g  s t r e s s  ( o mu)  w i t h  B l i s s e t t  e t  a l  
( 1 9 9 7 )  u s i n g  t h e  c l a s s i c  A v e s t o n  e t  a l  ( 1 9 7 1 )  ( A C K )  a n a l y s i s  a n d  B o c c a c c i n i  ( 1 9 9 8 )  u s i n g  t h e  
m o d e l  o f  P a g a n o  a n d  K i m  ( P a g a n o  a n d  K i m  1 9 9 4 ) ,  w h i c h  g i v e s  o mu a s :
K ic
r +  s
7C
[ 2 . 3 3 ]
w h e r e  K i c  i s  t h e  f r a c t u r e  t o u g h n e s s  o f  t h e  m a t r i x ,  r  i s  t h e  f i b r e  r a d i u s ,  a n d  s  i s  t h e  f i b r e  s p a c i n g .  
T h e  m o d e l  a s s u m e s  t h a t  t h e r e  i s  n o  i n t e r a c t i o n  b e t w e e n  c r a c k s ,  w h i c h  B o c c a c c i n i  ( 1 9 9 8 )  
e x p l a i n s  a s  a  p l a u s i b l e  a s s u m p t i o n  i n  t h e  e a r l y  s t a g e s  o f  t h e r m a l  s h o c k  d a m a g e .
B y  s o l v i n g  t h e  r e s u l t i n g  e x p r e s s i o n s  f o r  A T C, t h e  v a l u e s  o f  t h e  c r i t i c a l  t e m p e r a t u r e  d i f f e r e n t i a l s  
a r e  o b t a i n e d .  T h e s e  a r e  g i v e n  a s :
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A T  =
a e A
•6 f . E / E . F / V »  
E , r K .  "
O ', ( B l i s s e t t  e ?  a l .  1 9 9 7 )  [ 2 . 3 4 ]
A T  =
A E , " .
K IC.BJ E , „ A a A T
(r + s)
1 +
71 E f V f
( B o c c a c c i n i  1 9 9 8 )  [ 2 . 3 5 ]
I n  [ 2 . 3 4 ] ,  T m i s  t h e  m a t r i x  f r a c t u r e  e n e r g y ,  t  i s  t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h ,  a n d  E i  i s  t h e  a x i a l  
m o d u l u s  o f  t h e  c o m p o s i t e .
A l t h o u g h  t h e  t w o  a p p r o a c h e s  a r e  v e r y  s i m i l a r ,  t h e  v a l u e  o f  A T C i n  B o c c a c c i n i ’ s  m o d e l  d o e s  n o t  
d e p e n d  o n  t h e  i n t e r f a c i a l  s h e a r  s t r e s s  r  ,  a s  a  r e s u l t  o f  t h e  m o d e l  c h o s e n  f o r  t h e  v a l u e  o f  m a t r i x  
c r a c k i n g  s t r e s s .  B l i s s e t t  e t  a l .  ( 1 9 9 7 )  s u g g e s t e d  t h a t  t h e i r  m e t h o d  w a s  v a l i d  f o r  t h e  U D  m a t e r i a l  
p r o v i d i n g  t h a t  s o m e  k e y  p a r a m e t e r s  ( i n t e r f a c i a l  s h e a r  s t r e s s ,  m a t r i x  f r a c t u r e  e n e r g y )  w e r e  
d e t e r m i n e d  i n d e p e n d e n t l y .
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T h i s  c h a p t e r  h a s  r e v i e w e d  t h e  p e r f o r m a n c e  o f  C M C s  u n d e r  c o n d i t i o n s  o f  t h e r m a l  s h o c k .  I t  h a s  
b e e n  s h o w n  t h a t  C M C s  e x h i b i t  s u p e r i o r  r e s i s t a n c e  t o  t h e r m a l  s h o c k ,  c o m p a r e d  w i t h  t h e i r  
m o n o l i t h i c  c o u n t e r p a r t s ,  a s  c a t a s t r o p h i c  f a i l u r e  c a n  a l w a y s  b e  a v o i d e d .  R e s i s t a n c e  t o  h i g h e r  
t e m p e r a t u r e  d i f f e r e n t i a l s  a n d  p r o p e r t y  r e t e n t i o n  a f t e r  t h e  o n s e t  o f  t h e r m a l  s h o c k  c r a c k i n g  
( e s p e c i a l l y  i n  f i b r e - r e i n f o r c e d  C M C s )  c a n  b e  r e a l i s e d ,  p r o v i d e d  t h a t  t h e  m e c h a n i c a l  a n d  t h e r m a l  
p r o p e r t i e s  o f  C M C s  a r e  o p t i m i s e d  b y  c a r e f u l  c h o i c e  o f  t h e i r  c o n s t i t u e n t s .
T h e  b e h a v i o u r  o f  p a r t i c l e -  a n d  w h i s k e r - r e i n f o r c e d  C M C s  c a n  b e  a d e q u a t e l y  d e s c r i b e d  b y  u s i n g  
a n d  a d a p t i n g  t h e  m o d e l s  a n d  m e t h o d o l o g y  d e v e l o p e d  f o r  m o n o l i t h i c  c e r a m i c s .  B y  c o n t r a s t ,  
a n a l y s i s  a n d  m o d e l l i n g  o f  t h e  p e r f o r m a n c e  o f  f i b r e - r e i n f o r c e d  C M C s  i s  a  s u b j e c t  s t i l l  i n  i t s  
i n f a n c y  t h a t  r e q u i r e s  f u r t h e r  a t t e n t i o n .  T h e  s i t u a t i o n  i s  v e r y  c o m p l e x  d u e  t o  t h e  v a r i e t y  o f  
d a m a g e  m e c h a n i s m s  d e v e l o p e d  i n  t h e s e  m a t e r i a l s  ( e s p e c i a l l y  2 - D  C M C s )  a n d  i s  f u r t h e r  
c o m p l i c a t e d  d u e  t o  t h e i r  a n i s o t r o p i c  c h a r a c t e r ,  t h e  s c a r c i t y  o f  e x p e r i m e n t a l  r e s u l t s ,  a n d  t h e  
v a r i e t y  o f  m a n u f a c t u r i n g  m e t h o d s  t h a t  r e s u l t  i n  m a t e r i a l s  w i t h  d i f f e r e n t  d e s i g n  p h i l o s o p h i e s .
2.8 CONCLUDING REMARKS
C h a p t e r S :
T h e  O n s e t o f  T h e rm a l S h o c k  
F r a c tu r e  in  U D  C M C s
3 . 1 .  I N T R O D U C T I O N
T h e  e x p e r i m e n t a l  f i n d i n g s  r e v i e w e d  i n  t h e  p r e v i o u s  c h a p t e r  s h o w e d  t h a t  c e r a m i c  m a t r i x  
c o m p o s i t e s  r e i n f o r c e d  w i t h  u n i d i r e c t i o n a l  f i b r e s  e x h i b i t  t w o  d i s t i n c t  f r a c t u r e  p h e n o m e n a  a f t e r  
b e i n g  e x p o s e d  t o  t h e r m a l  s h o c k  l o a d i n g .
M o r e  s p e c i f i c a l l y ,  m u l t i p l e  m a t r i x  c r a c k i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e  d i c t i o n  w a s  r e p o r t e d  f o r  
t h e  f a c e s  o f  t h e  c o m p o s i t e  t h a t  c o n t a i n e d  l o n g i t u d i n a l  f i b r e s ,  w h i l e  m a t r i x  c r a c k s  w i t h  a  
c h a r a c t e r i s t i c  m o r p h o l o g y  w e r e  i d e n t i f i e d  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  e n d  f a c e s .  B l i s s e t t  e t  a l .  
( 1 9 9 7 )  a n d  B o c c a c c i n i  ( 1 9 9 8 )  h a v e  m a d e  s o m e  p r o g r e s s  r e g a r d i n g  p r e d i c t i o n  o f  t h e  o n s e t  o f  
m u l t i p l e  m a t r i x  c r a c k i n g  d u e  t o  t h e r m a l  s h o c k .  H o w e v e r ,  n o  e x p l a n a t i o n  e x i s t s  f o r  t h e  o n s e t  a n d  
a p p e a r a n c e  o f  t h e  c r a c k s  s e e n  t r a v e r s i n g  t h e  e n d  f a c e s  o f  U D  C M C s .
T h e  a i m  o f  t h e  t h e o r e t i c a l  w o r k  i n c l u d e d  i n  t h i s  c h a p t e r  i s  t o  p r o v i d e  a  s a t i s f a c t o r y  e x p l a n a t i o n  
f o r  a l l  t h e  o b s e r v e d  p h e n o m e n a .  T h e  f i r s t  p a r t  i s  a n  a t t e m p t  t o  p r e d i c t  t h e  o n s e t  o f  m u l t i p l e  
m a t r i x  c r a c k i n g .  T h e  w o r k  o f  t h e  a b o v e m e n t i o n e d  a u t h o r s  i s  t h e  s t a r t i n g  p o i n t .  I n  t h e  s e c o n d  p a r t  
c r a c k i n g  o n  t h e  e n d  f a c e  i s  t a c k l e d .  I n i t i a l l y ,  a  s i m p l e  m o d e l  f o r  t h e  p r e d i c t i o n  o f  t h e  c r i t i c a l  
t e m p e r a t u r e  d i f f e r e n t i a l  i s  d e v e l o p e d .  T h e n ,  a  n u m b e r  o f  t h e o r e t i c a l  c o n c e p t s  a r e  p u t  f o r w a r d  i n  
o r d e r  t o  e x p l a i n  t h e  m o r p h o l o g y  o f  t h e  c r a c k  p a t t e r n .
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3.2. THE ONSET OF PERPENDICULAR MATRIX CRACKING 
UNDER CONDITIONS OF THERMAL SHOCK
3.2.1. Derivation of the Predictive Model
3.2.1.1. The Condition for Cracking due to Thermal Shock
T h e  a p p r o a c h  o f  B l i s s e t t  e t  a l .  ( 1 9 9 7 )  a n d  B o c c a c c i n i  ( 1 9 9 8 )  i s  f o l l o w e d  a n d  i t  i s  p o s t u l a t e d  t h a t  
m u l t i p l e  m a t r i x  c r a c k i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e s  o c c u r s  w h e n  t h e  t h e r m a l l y - i n d u c e d  s t r e s s e s  
a l o n g  t h e  f i b r e  d i r e c t i o n  b e c o m e  e q u a l  t o  t h e  s t r e s s  r e q u i r e d  t o  c a u s e  m a t r i x  f r a c t u r e .  T h u s ,  t h e  
t h e r m a l  s t r e s s e s  i n  t h e  m a t r i x  c a n  b e  e q u a t e d  w i t h  t h e  u n i a x i a l  m a t r i x  s t r e n g t h ,  i . e . :
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f i b r e s .  T h e  t h e r m a l l y - i n d u c e d  s t r e s s e s  m a y  c o m p r i s e ,  a p a r t  f r o m  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s ,  
r e s i d u a l  t h e r m a l  s t r e s s e s  u s u a l l y  p r e s e n t  i n  C M C s  d u e  t o  d i f f e r e n c e s  i n  t h e  c o e f f i c i e n t  o f  t h e r m a l  
e x p a n s i o n  b e t w e e n  t h e  m a t r i x  a n d  t h e  r e i n f o r c i n g  f i b r e s .  T h u s
[ 3 . 1 ]
w h e r e  G i ,m  th d e s c r i b e s  t h e  t h e r m a l l y - i n d u c e d  s t r e s s e s  i n  t h e  m a t r i x  a l o n g  t h e  d i r e c t i o n  o f  t h e
[ 3 . 2 ]
w h e r e  o \ , m S  i s  t h e  a x i a l  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  i n  t h e  m a t r i x .  A c c o r d i n g l y ,  t h e  c r i t i c a l  
c o n d i t i o n  f o r  t h e  o n s e t  o f  f r a c t u r e  [ 3 . 1 ]  b e c o m e s  t h r o u g h  [ 3 . 2 ] :
[3.3]
T h e  p a r a m e t e r s  i n c l u d e d  i n  [ 3 . 3 ]  n e e d  t o  b e  d e s c r i b e d  a n a l y t i c a l l y  b e f o r e  t h e  e q u a t i o n  c a n  b e  
a p p l i e d .  T h i s  i s  t h e  t h e m e  o f  t h e  f o l l o w i n g  p a r a g r a p h s .
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3.2.1.2. The Applied Stress Field
3 . 2 . I . 2 . I .  T h e r m a l  S h o c k - I n d u c e d  S t r e s s e s
T o  o b t a i n  t h e  s h o c k - i n d u c e d  s t r e s s  i n  t h e  m a t r i x ,  c q j / s ,  t h e  f u l l  t h e r m o - e l a s t i c  s t r e s s  f i e l d  
d e v e l o p e d  a t  t h e  s u r f a c e  o f  t h e  m a t e r i a l  d u r i n g  t h e r m a l  s h o c k  n e e d s  t o  b e  c h a r a c t e r i s e d .  S u c h  a n  
a p p r o a c h  w o u l d  r e q u i r e  c o m p l e x  t h r e e - d i m e n s i o n a l  t r a n s i e n t  s t r e s s  a n a l y s i s  s i m i l a r  t o  t h a t  
p e r f o r m e d  b y  W a n g  a n d  C h o u  ( 1 9 8 5  a n d  1 9 8 6 ) .  H o w e v e r ,  a  s i m p l i f i e d  a p p r o a c h  c a n  b e  
f o l l o w e d  i f  o n l y  t h e  m a x i m u m  v a l u e s  o f  t h e  i n d u c e d  s t r e s s e s  a r e  t a k e n  i n t o  a c c o u n t .
C o n s i d e r  t h e  s u r f a c e  o f  a  r e c t a n g u l a r  p l a t e  o f  U D  C M C  i n i t i a l l y  a t  t e m p e r a t u r e  T i  ( F i g .  3 . 1 ) .  T h e  
c o m p o s i t e  c o n s i s t s  o f  a  m a t r i x  o f  v o l u m e  f r a c t i o n  V m w i t h  p r o p e r t i e s  E ,„ ,  a m, v m,  w h i c h  c o n t a i n s  
p a r a l l e l  f i b r e s  o f  v o l u m e  f r a c t i o n  F / w i t h  p r o p e r t i e s  E / ,  « / ,  v / .
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Fig. 3.1. A  U D  c o m p o s i t e  ( f i b r e s  a l i g n e d  a l o n g  1 - d i r e c t i o n )  s u b j e c t e d  t o  t h e r m a l  s h o c k .  
T h e r m a l  s h o c k - i n d u c e d  s t r e s s e s  a r e  a l s o  s h o w n .
I f  t h e  m a t e r i a l  i s  r a p i d l y  c o o l e d  f r o m  T t t o  T 0 a n d  p e r f e c t  h e a t  t r a n s f e r  b e t w e e n  t h e  p l a t e  a n d  t h e  
c o o l i n g  m e d i u m  i s  a s s u m e d ,  t h e  s u r f a c e  i m m e d i a t e  a d o p t s  t h e  t e m p e r a t u r e  T 0 w h i l e  t h e  o t h e r  
p a r t s  o f  t h e  p l a t e  r e m a i n  a t  T b  T h i s  c a s e  c o r r e s p o n d s  t o  h a v i n g  a  p l a t e  t h a t  c a n  f r e e l y  e x p a n d  i n
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t h e  3 - d i r e c t i o n  ( i . e .  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  F i g u r e  1 ) ,  w i t h  s u p p r e s s e d  e x p a n s i o n  i n  t h e  1-  
a n d  2 - d i r e c t i o n s .  I n  t h e  a b s e n c e  o f  d i s p l a c e m e n t  r e s t r i c t i o n s ,  t h e  p l a t e  w o u l d  e x p a n d  a l o n g  t h e  1 -  
a n d  2-  d i r e c t i o n s  b y  t h e r m a l  s t r a i n s  o f :
s ih.i = « i ( T „ - T , )  [ 3 . 4 ]
£ ,h a  = « 2 ( T 0 - T , )  [ 3 . 5 ]
T h e  C T E s  a l o n g  t h e  p r i n c i p a l  m a t e r i a l  d i r e c t i o n s  a r e  g i v e n  b y :
cc, -
(E ma „ , K  +  E / « / F / )  
( B . P . + E  f V f )
[ 3 . 6 ]
«2 =  (1  +  v j a » y m +  0  +  vf )af Vf - a ,  vn [ 3 . 7 ]
I n  a d d i t i o n ,  t h e  m a j o r  P o i s s o n ’ s  r a t i o  i s  g i v e n  b y :
y a  = v f r f  + v „ y „  [ 3 . 8 ]
S i n c e  t h e r m a l  e x p a n s i o n  i n  b o t h  d i r e c t i o n s  i s  c o m p l e t e l y  s u p p r e s s e d ,  e l a s t i c  s t r a i n s  a r e  c r e a t e d  
t h a t  c o m p e n s a t e  t h e  t h e r m a l  s t r a i n s ,  i . e .
'e/,1 +  S th,l
S el,2 +  S th,2 = 0
[ 3 . 9 ]
[3.10]
From equations [3.4], [3.5], [3.9] and [3.10] we have:
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f a . i  =  “ f a , i  =  - « i ( T „  - T , )  =  a , ( T !  -  T J  =  o ^ A T  [ 3 . 1 1 ]
f a .  2 =  “ f a ,2 =  - « 2 ( t „ - T , )  =  « 2 C T , - T . )  =  a 2 A T  [ 3 . 1 2 ]
T h e  e l a s t i c  s t r a i n s  c a u s e  ‘ t h e r m a l  s t r e s s e s ’ a l o n g  t h e  p r i n c i p a l  a x e s  o f  t h e  m a t e r i a l  a n d  c a n  b e  
w r i t t e n  a s :
£ * u = i  I T 1 -  C3 - 1 3 ]
E ,  E 2
-rs rs
(T ,  F n f T i
f a , 2 = + — [ 3 - 1 4 ]
E 2 E j
T h e  Y o u n g ’ s  m o d u l i  a l o n g  t h e  p r i n c i p a l  m a t e r i a l  d i r e c t i o n s  a n d  t h e  m i n o r  P o i s s o n ’ s  r a t i o  a r e  
t a k e n  a s :
E 1 = E X , + E / ( l - F j  [ 3 . 1 5 ]
E 2 = ---------- 5 + 2 -----------  [ 3 . 1 6 ]
( E / F „ , + E . F »
v , ^ E 0
f a  3 . 1 7
E ,
I t  h a s  t o  b e  n o t e d  t h a t  m o r e  s o p h i s t i c a t e d  a p p r o a c h e s  c o u l d  h a v e  b e e n  u s e d  t o  e s t i m a t e  t r a n s v e r s e  
p r o p e r t i e s  ( E 2 a n d  0 .2 ) ,  e . g .  H a s h i n  ( 1 9 7 9 ) .  H o w e v e r ,  i n  f i b r e - r e i n f o r c e d  C M C s  t h e  d i f f e r e n c e s  
b e t w e e n  s u c h  m o d e l s  a n d  t h e  s i m p l e  e x p r e s s i o n s  a d o p t e d  h e r e  a r e  s m a l l .
B y  s u b s t i t u t i n g  [ 3 . 1 1 ]  a n d  [ 3 . 1 2 ]  i n  [ 3 . 1 3 ]  a n d  [ 3 . 1 4 ]  r e s p e c t i v e l y  a n d  s o l v i n g  f i r s t  f o r  c r \TS a n d  
t h e n  f o r  a 2 w e  c a n  o b t a i n  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s  a l o n g  t h e  p r i n c i p a l  a x e s  o f  t h e  
m a t e r i a l  a s :
57
w h e r e :
t r f  =  A f t  A T  [ 3 . 1 9 ]
cr(s = A Q 1X I [3.18]
(e 1« , + vi,e ,« 2) [320]
0  — y \2 y 2 l)
( v A f f i | + E g ; )  
( l “ V 12V 2l )
T h e  s t r e s s  r e d u c t i o n  f a c t o r ,  A ,  h a s  a l s o  b e e n  i n c l u d e d  i n  [ 3 . 1 8 ]  a n d  [ 3 . 1 9 ] .  T h e  t h e r m a l  s h o c k -  
i n d u c e d  s t r e s s  i n  t h e  m a t r i x  c a n  b e  f o u n d  b y  e m p l o y i n g  t h e  i s o - s t r a i n  c o n d i t i o n  i n  t h e  a x i a l  ( 1 - )  
d i r e c t i o n  a s :
TS —TS 'TS
=  =  [ 3 - 2 2 ]
E 1 E /
w h e r e  o q / r  i s  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s  i n  t h e  f i b r e s .  E q u a t i o n  [ 3 . 2 2 ]  y i e l d s  t h r o u g h  
[ 3 . 1 8 ] :
~ T S  
1,M = e r f  =  A E " ‘ a A T  [ 3 . 2 3 ]
v Ei 7 E i
A t  t h e  o n s e t  o f  c r a c k i n g  A T = A T c= T max- T 0 , w h e r e  T max i s  t h e  t e m p e r a t u r e  f r o m  w h i c h  t h e  
m a t e r i a l  s h o u l d  b e  q u e n c h e d  i n  a  m e d i u m  o f  t e m p e r a t u r e  T 0 f o r  c r a c k i n g  t o  i n i t i a t e .
3 . 2 . 1 . 2 . 2 .  T h e  R e s i d u a l  S t r e s s  F i e l d
A s  s t a t e d  a b o v e ,  d u e  t o  d i f f e r e n c e s  i n  C T E  b e t w e e n  t h e  m a t r i x  a n d  t h e  r e i n f o r c i n g  f i b r e s ,  
r e s i d u a l  s t r e s s e s  a r e  e s t a b l i s h e d  i n  C M C s  w h e n  t h e y  a r e  c o o l e d  d o w n  f r o m  t h e i r  h i g h  p r o c e s s i n g  
t e m p e r a t u r e s  ( e . g .  > 1 2 0 0 ° C  f o r  m o s t  g l a s s  c e r a m i c - m a t r i x  c o m p o s i t e s ) .  T h e r e  h a v e  b e e n  a
n u m b e r  o f  a t t e m p t s  t o  q u a n t i f y  t h e  m a g n i t u d e  o f  t h e s e  s t r e s s e s  a n d  m o d e l  t h e  e f f e c t  t h e y  h a v e  o n  
m e c h a n i c a l  p r o p e r t i e s .  U s u a l l y ,  c o - a x i a l  c y l i n d e r  m o d e l s  s u b j e c t  t o  t h e r m o - m e c h a n i c a l  l o a d i n g  
a r e  u t i l i s e d  ( e . g .  K u n t z  e t  a l  1 9 9 3 )  a n d  i n c l u d e  m i c r o - m e c h a n i c a l  a n a l y s e s  o f  s t r e s s  t r a n s f e r  
b e t w e e n  f i b r e  a n d  m a t r i x  ( e . g .  P o w e l l  e t  a l  1 9 9 3 ) .
I n  t h i s  c a s e ,  w e  u s e  t h e  m o d e l  o f  B u d i a n s k y  e t  a l  ( 1 9 8 6 )  t h a t  s t a t e s  t h a t  r e s i d u a l  s t r e s s e s  a r e  
g o v e r n e d  b y  t h e  m i s f i t  s t r a i n ,  Q ,  b e t w e e n  t h e  f i b r e  a n d  t h e  m a t r i x ,  w h i c h  i f  t h e  m i s f i t  a r i s e s  
s o l e l y  f r o m  t h e r m a l  e x p a n s i o n  d i f f e r e n c e s  i s  g i v e n  b y :
£ 1  =  ( < * „ - « >  1[3 . 2 4 ]
T h e  p a r a m e t e r  A T /?  i n  [ 3 . 2 4 ]  i s  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  p r o c e s s i n g  t e m p e r a t u r e  ( T 'p ) '  
a n d  t h e  t e m p e r a t u r e  o f  o p e r a t i o n .  F o r  e x a m p l e ,  r o o m  t e m p e r a t u r e  o p e r a t i o n  i s  a t  2 0 - 2 2 ° C ,  
w h e r e a s  i n  t h e  c a s e  o f  t h e r m a l  ( c o l d )  s h o c k  i t  i s  a t  t h e  t e m p e r a t u r e  t o  w h i c h  t h e  m a t e r i a l  h a s  
b e e n  h e a t e d  p r i o r  t o  q u e n c h i n g  ( i . e .  A T /?  = T P - T i ) .  T h e  a x i a l  r e s i d u a l  s t r e s s  i n  t h e  m a t r i x ,  
i s  t h e n  g i v e n  b y :
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^.RES 
\,M  =
( 1 - 2v 12)
2(1 - v 12)
E ,
E
/  7
E , ( 1 - v 12)
(1 +  E 1/ E / ) E raE / F / ( « „ ,  - a , )
1 -
( 1 - 2 v I2)
2( 1 - v 1 2 )
1 - E ]
‘f  )
■ A T ,
E ]  (1 v 12)
[ 3 . 2 5 ]
T h i s  c a n  b e  w r i t t e n  m o r e  s i m p l y  a s :
<t m s  =  0  A T° l  M [ 3 . 2 6 ]
I n  t h e  c a s e  o f  a  g l a s s -  o r  g l a s s  d o m i n a t e d -  m a t r i x  C M C ,  T p  i s  e q u a l  t o  t h e  g l a s s  t r a n s i t i o n  
t e m p e r a t u r e  o f  t h e  g l a s s .
A t  t h e  o n s e t  o f  t h e r m a l  s h o c k  c r a c k i n g  A T / r  = T p - T m ax. T h e  m o d e l  p r e d i c t i o n s  w e r e  f o u n d  t o  b e  i n  
c l o s e  a g r e e m e n t  w i t h  t h e  v a l u e s  o b t a i n e d  b y  t h e  m o r e  c o m p l e x ,  a n a l y t i c a l  m o d e l  o f  P o w e l l  e t  a l  
( 1 9 9 3 ) ,  w h i c h  i s  b a s e d  o n  t h e  a n a l y s i s  o f  c o - a x i a l  i s o t r o p i c  c y l i n d e r s .
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3 . 2 . 1 . 2 . 3 .  T h e  M a t r i x  C r a c k i n g  S t r e s s
T h e  s t r e n g t h  o f  t h e  m a t r i x  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  a l i g n e d  f i b r e s  i n  U D  C M C s  h a s  b e e n  
t h e  s u b j e c t  o f  n u m e r o u s  i n v e s t i g a t i o n s  ( P a r t h a s a r a t h y  e t  a l  2 0 0 3 ) .  B l i s s e t t  e t  a l  ( 1 9 9 7 )  u s e d  t h e  
c l a s s i c  m o d e l  o f  A v e s t o n  e t  a l  ( A C K )  ( 1 9 7 1 )  w h i c h  h a s  b e e n  s h o w n  t o  b e  v a l i d  f o r  t h e  
a s s u m p t i o n  o f  T o n g ’ i n i t i a l  f l a w s  a n d ,  t h u s ,  p r o v i d e s  a  l o w e r  b o u n d  e s t i m a t e  o f  t h e  m a t r i x  
s t r e n g t h  ( M a r s h a l l  e t  a l  1 9 8 6 ) .  B y  c o n t r a s t ,  B o c c a c c i n i  ( 1 9 9 8 )  c h o s e  t h e  m o d e l  o f  P a g a n o  a n d  
K i m  ( 1 9 9 4 )  w h i c h  i s  v a l i d  f o r  i n i t i a l  d a m a g e  i n  t h e  f o r m  o f  l o c a l i s e d  c r a c k s  t h a t  d o  n o t  i n t e r a c t  
a n d  a r r e s t  w h e n  t h e y  e n c o u n t e r  t h e  n e a r e s t  f i b r e .  T h e  m a j o r  d i f f e r e n c e  b e t w e e n  t h e  t w o  m o d e l s  
h a s  t o  d o  w i t h  t h e  i n t e r f a c i a l  s h e a r  s t r e s s ,  t ,  i n c l u d e d  i n  t h e  A C K  m o d e l  b u t  a b s e n t  f r o m  t h a t  o f  
P a g a n o  a n d  K i m .  M i c r o g r a p h s ,  s u c h  a s  t h a t  o f  F i g .  2 . 6 ,  s u g g e s t  t h a t  t h e  T o n g ’ c r a c k  a s s u m p t i o n  
c a n  b e  c o n s i d e r e d  v a l i d  f o r  t h e  i n i t i a l  t h e r m a l  s h o c k  d a m a g e  o b s e r v e d  o n  U D  C M C s .  I n  a d d i t i o n ,  
t h e  i n t e r f a c i a l  c o n d i t i o n  h a s  b e e n  s h o w n  t o  b e  t h e  s i n g l e  m o s t  i m p o r t a n t  f a c t o r  t h a t  d e t e r m i n e s  
t h e  p r o p e r t i e s  o f  f i b r e - r e i n f o r c e d  C M C s  u n d e r  v a r i o u s  c o n d i t i o n s .  T h u s ,  t h e  A C K  m o d e l  w a s  
d e t e r m i n e d  t o  b e  m o r e  a p p r o p r i a t e  t o  d e s c r i b e  t h e  o n s e t  o f  t h e r m a l  s h o c k  d a m a g e .
T h i s  g i v e s  m a t r i x  f a i l u r e  s t r a i n  a s :
E  , E 2 r Vi m m
[ 3 . 2 7 ]
/
w h e r e  y m i s  t h e  f r a c t u r e  s u r f a c e  e n e r g y ,  a n d  r  i s  t h e  f i b r e  r a d i u s .  T h e  s t r e s s  i n  t h e  m a t r i x  t o  
i n i t i a t e  c r a c k i n g  i s  t h e n  g i v e n  b y :
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(T  == p  F  —mu m mu
+ C mE mE / F / V
B,rF.
[3.28]
w h e r e  T m ( = 2y ,„ )  i s  t h e  m a t r i x  f r a c t u r e  e n e r g y .
3.2.1.3. Application of the Critical Condition For Fracture due to Thermal Shock 
A s  a l l  t h e  p a r a m e t e r s  i n c l u d e d  i n  [ 3 . 3 ]  h a v e  b e e n  d e t e r m i n e d ,  w e  c a n  n o w  p r o c e e d  w i t h  t h e  
a p p l i c a t i o n  o f  t h e  c r i t i c a l  c o n d i t i o n  i n  o r d e r  t o  d e t e r m i n e  t h e  c r i t i c a l  q u e n c h i n g  t e m p e r a t u r e  
d i f f e r e n c e ,  A T C. S u b s t i t u t i n g  [ 3 . 2 3 ] ,  [ 3 . 2 6 ]  a n d  [ 3 . 2 8 ]  i n  [ 3 . 3 ]  w e  f i n d :
A B .ftA T.
B .
+  @ , A T f . =
6r T , „ E ,„ E / F /  
E  , r F „ ,
[ 3 . 2 9 ]
B y  s o l v i n g  [ 3 . 2 9 ]  f o r  A T C, w e  g e t  t h e  c r i t i c a l  q u e n c h i n g  t e m p e r a t u r e  d i f f e r e n c e  f o r  t h e  o n s e t  o f  
m a t r i x  c r a c k i n g  a s  a  f u n c t i o n  o f  A T ^  a s :
A T  = B ,
A E J2,
62T „ E , „ E / F /
E ,rVm~
- ( 0 .A T ,) [ 3 . 3 0 ]
I n  [ 3 . 3 0 ] ,  ATC = Tmax-T0 a n d  AT/r= T p - T max. A s  Tmax f e a t u r e s  o n  b o t h  s i d e s  o f  t h e  e q u a t i o n  w e  
c a n  p r o c e e d  b y  s u b s t i t u t i n g  ATC a n d  AT/r i n  [ 3 . 3 0 ]  a n d ,  s u b s e q u e n t l y ,  s o l v i n g  f o r  Tmax. I n  t h i s  
w a y ,  w e  c a n  f i n d  t h e  t e m p e r a t u r e  f r o m  w h i c h  t h e  m a t e r i a l  s h o u l d  b e  q u e n c h e d  i n t o  a  m e d i u m  o f  
t e m p e r a t u r e  T0 t o  i n i t i a t e  m u l t i p l e  m a t r i x  c r a c k i n g  d u e  t o  t h e r m a l  s h o c k  a s :
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T  = ■max
\
'ftr. e„e/f; y
- @ , T  + A E , „ S , T 0
E ,
[3.31]
F i n a l l y ,  t h e  c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e  f o r  t h e  o n s e t  o f  m u l t i p l e  m a t r i x  c r a c k i n g  i s  g i v e n  b y :
A T  =
B , r r m ~
1
2
© , T  +
N E mQ 1 T 0 
E ,
E ]
- 0 ,
- T „ [ 3 . 3 2 ]
I t  c a n  b e  n o t e d  t h a t  [ 3 . 3 2 ]  p r o v i d e s  A T C a s  a  f u n c t i o n  o f  T P .  T 0 a n d  a  n u m b e r  o f  m a t e r i a l  
p r o p e r t i e s .  R o o m - t e m p e r a t u r e  v a l u e s  o f  t h e s e  p r o p e r t i e s  a r e  u s u a l l y  e m p l o y e d  a s  i n f o r m a t i o n  o f  
t h e i r  c h a n g e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  i s  s c a r c e .  I n  t h e  f o l l o w i n g  p a r a g r a p h ,  t h e  p r e d i c t i o n s  o f
[ 3 . 3 2 ]  a r e  c o m p a r e d  w i t h  e x p e r i m e n t a l  d a t a  f o r  a  r a n g e  o f  U D  C M C s .
3.2.1.4. Comparison with Experimental Results
T h e  v a l u e s  o f  A T C p r e d i c t e d  b y  e q u a t i o n  [ 3 . 3 2 ]  a r e  c o m p a r e d  i n  t h i s  s e c t i o n  w i t h  e x p e r i m e n t a l  
r e s u l t s  f o r  U D  N i c a l o n / C A S ,  U D  N i c a l o n / P y r e x ™ ,  U D  N i c a l o n / D u r a n ™ ,  a n d  U D  N i c a l o n / L A S  
o b t a i n e d  b y  q u e n c h i n g  h e a t e d  s p e c i m e n s  i n t o  r o o m - t e m p e r a t u r e  w a t e r .  T h e  d a t a  u s e d  i n  t h e  
c a l c u l a t i o n  ( K a g a w a  e t  a l .  1 9 9 3 ,  B l i s s e t t  e t  a l  1 9 9 7 ,  B o c c a c c i n i  e t  a l  1 9 9 7 ,  B o c c a c c i n i  1 9 9 8 ,  
B e y e r l e  e t  a l .  1 9 9 2 ,  B l e a y  a n d  S c o t t  1 9 9 1 ,  L e w i s  2 0 0 0 )  a r e  p r e s e n t e d  i n  T a b l e s  3 . 1  a n d  3 . 2 .
I t  s h o u l d  b e  n o t e d  t h a t ,  i n  c o n t r a s t  t o  B l i s s e t t  e t  a l  ( 1 9 9 7 )  ( A  =  0 . 5 )  a n d  B o c c a c c i n i  ( 1 9 9 8 )  
( A  =  0 . 6 ) ,  t h e  s t r e s s  r e d u c t i o n  f a c t o r ,  A ,  i s  n o t  a s s i g n e d  a  s i n g l e  p r e - d e t e r m i n e d  v a l u e  b u t  i s
a l l o w e d  t o  v a r y  b e t w e e n  0  -  0 . 6 6 .  T h i s  i s  m a i n l y  b e c a u s e  h , o n  w h i c h  t h e  v a l u e  o f  A  d e p e n d s ,  
c a n n o t  b e  r e a d i l y  d e t e r m i n e d  d u r i n g  a  w a t e r  q u e n c h  t e s t ,  a n d  i t s  v a l u e  h a s  b e e n  r e p o r t e d  t o  v a r y  
b e t w e e n  v e r y  l o w  v a l u e s  a n d  a  m a x i m u m  o f  6 0  k W  m '2 IC ' 1 d e p e n d i n g  o n  t e m p e r a t u r e  a n d  
m a t e r i a l  s u r f a c e  f i n i s h .  I n  a d d i t i o n ,  A  i s  a  f u n c t i o n  o f  t h e  s i z e  o f  t h e  c o m p o n e n t  u n d e r  
i n v e s t i g a t i o n .  H o w e v e r ,  i t  h a s  b e e n  s h o w n  t h a t  t h e  m a x i m u m  v a l u e  A  c a n  a t t a i n  i n  s u c h  t e s t s  i s  
0 . 6 6  ( W a n g  a n d  S i n g h  1 9 9 4 ) .  T h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l l y - d e t e r m i n e d  v a l u e s  o f  A T C c a n  
b e  s e e n  i n  T a b l e  3 . 2 .
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T a b l e  3 . 1 .  M a t e r i a l  p r o p e r t i e s  u s e d  i n  t h e  c a l c u l a t i o n  o f  A T f
M a t e r i a l E  ( G P a ) a  ( l O ^ K ' 1) V T  ( J  m ' 2) r  ( p m )
N i c a l o n 1 9 0 3 . 3 0.2 - 8
C A S 9 0 4 . 6 0 . 2 5 2 5 -
D u r a n 6 3 3 . 3 0.2 7 . 5 -
P y r e x 6 3 3 . 3 0.2 7 . 5 -
L A S 8 3 0 . 9 0 . 3 3 0 -
T a b l e  3 . 2 .  T h e  p r o p e r t i e s  o f  t h e  f o u r  C M C s  u n d e r  c o n s i d e r a t i o n  u s e d  i n  t h e  m o d e l  a n d  t h e
e x p e r i m e n t a U y - d e t e r m i n e d  a n d  p r e d i c t e d  ( t h r o u g h  ( 3 . 3 2 ) )  v a l u e s  o f  A T C. T h e  v a l u e s  
o f  t  u s e d  w e r e  e x p e r i m e n t a l l y - d e t e r m i n e d  r o o m - t e m p e r a t u r e  o n e s  o b t a i n e d  f r o m  
t h e  l i t e r a t u r e .
M a t e r i a l v f A T F ( ° C ) T
( M P a )
A T C ( ° C )  
E x p e r i m e n t a l
A T C ( ° C )  
P r e d i c t e d 1
N i c a l o n / C A S 0 . 3 4 1200 1 5 4 0 0 > 4 8 5
N i c a l o n / D u r a n 0 . 4 1000 1 4 - 5 8 5 > 8 4 0
N i c a l o n / P y r e x 0 . 5 1000 ~ 102 > 6 0 0 > 8 9 6
N i c a l o n / L A S 0 . 4 1 3 5 0 3 2 - 3 8 0 0 > 9 0 0
1 Minimum predicted values o f ATC, corresponding to A=0.66
2 Average value of t ,  as reported values range from 2-20 MPa (Bleay and Scott 1991, Lewis 2000)
3 [3.26], [3.37] are not valid for UD Nicalon/LAS as the misfit stress does not arise solely from A a 
(Cao et a l  1990). Reported room-temperature residual stress values are -50 MPa and
(j2RES=20 MPa (Beyerle et al. 1992, Cao et al. 1990). Thus, ©i and ©2 are back-calculated by 
applying [3.26] and [3.37] for AT^=1350°C.
B e f o r e  d i s c u s s i n g  t h e  r e s u l t s  f r o m  t h e  a p p l i c a t i o n  o f  [ 3 . 3 2 ] ,  i t  i s  i n t e r e s t i n g  t o  c o m p a r e  t h e  
p r e s e n t  a p p r o a c h  w i t h  t h e  m o d e l s  o f  B l i s s e t t  e t  a l  ( 1 9 9 7 )  a n d  B o c c a c c i n i  ( 1 9 9 8 )  ( E q u a t i o n s
[ 2 . 3 4 ] - [ 2 . 3 5 ] ) .  T o  f a c i l i t a t e  s u c h  a  c o m p a r i s o n ,  [ 3 . 3 0 ]  c a n  b e  w r i t t e n ,  a f t e r  s u b s t i t u t i o n  o f  Q \  
f r o m  [ 3 . 2 0 ] ,  a s :
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3.2.1.5. Discussion
A T  =  —  V n V lx  I ____________ (cr  - < j RES)  [ 3  3 3 1
A T ‘  A ( E , „ / E 1X E 1a 1 + v 2IE 2a 2 ) ^ “  [ 3 '3 3 ]
A l t h o u g h  t h e r e  a r e  d i f f e r e n c e s  i n  o mu a n d  G i / / ^  d e p e n d i n g  o n  t h e  m o d e l s  c h o s e n  f o r  t h e i r  
d e s c r i p t i o n ,  t h e  m a i n  d i f f e r e n c e  i s  c e n t r e d  i n  t h e  p a r a m e t e r  ( I - V 12V21/ E 1OC1+  V21E 2CC2)  p r e s e n t  i n
[ 3 . 3 3 ] ,  w h i c h  s h o w s  t h a t ,  c o n t r a r y  t o  t h e  o t h e r  m o d e l s  f o r  A T C, t h e  a n i s o t r o p i c  p r o p e r t i e s  o f  t h e  
m a t e r i a l  h a v e  b e e n  t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  p r e s e n t  a p p r o a c h .  I n  a d d i t i o n ,  t h e  a p p e a r a n c e  
o f  t h e  p a r a m e t e r  ( E , „ / E i )  s h o w s  t h a t  t h e  c r i t i c a l  c o n d i t i o n  f o r  t h e  o n s e t  o f  t h e r m a l  s h o c k  f r a c t u r e  
( e q u a t i o n  [ 3 . 3 ] )  h a s  b e e n  a p p l i e d  i n  t e r m s  o f  m a t r i x  s t r e s s e s .  B l i s s e t t  e t  a l  ( 1 9 9 7 )  c h o s e  t o  
c h a r a c t e r i s e  m a t r i x  s t r e s s e s  b y  a p p l y i n g  [ 2 . 1 0 ]  u s i n g  m a t r i x  p r o p e r t i e s ,  w h i l e  B o c c a c c i n i  ( 1 9 9 8 )  
s e e m s  t o  h a v e  a p p l i e d  [ 2 . 10]  w i t h  v o l u m e - a v e r a g e d  p r o p e r t i e s  i n  o r d e r  t o  c h a r a c t e r i s e  t h e  
c o m p o s i t e  s t r e s s e s  r e q u i r e d  t o  c a u s e  m a t r i x  f r a c t u r e .
C o n c e n t r a t i n g  n o w  o n  t h e  a p p l i c a t i o n  o f  [ 3 . 3 2 ] ,  t h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  3 . 2  s h o w  t h a t  i t  
s i g n i f i c a n t l y  o v e r e s t i m a t e s  t h e  A T C o f  a l l  C M C s  f o r  a l l  p o s s i b l e  v a l u e s  o f  t h e  s t r e s s  r e d u c t i o n  
f a c t o r ,  A .  W h i l e  i t  c a n  b e  a r g u e d  t h a t  t h e  v a l u e s  o f  m a t e r i a l  p r o p e r t i e s  i n c l u d e d  i n  [ 3 . 3 2 ]  m a y  
c h a n g e  a s  a  r e s u l t  o f  t h e  s h o r t - t e r m  h i g h - t e m p e r a t u r e  e x p o s u r e  t o  w h i c h  t e s t  s p e c i m e n s  a r e  
s u b j e c t e d  d u r i n g  a  q u e n c h  t e s t ,  t h e s e  c h a n g e s  a r e  e x p e c t e d  t o  b e  s m a l l  a n d  n o t  e n o u g h  t o  a c c o u n t  
f o r  t h e  d i s c r e p a n c i e s  o b s e r v e d  b e t w e e n  e x p e r i m e n t a l  a n d  p r e d i c t e d  v a l u e s  o f  A T C. H o w e v e r ,  
f u r t h e r  c o n s i d e r a t i o n  o f  t h e  a n a l y s i s  p r e s e n t e d  i n  s e c t i o n  3 . 2 . 1  r e v e a l s  t h a t ,  b e c a u s e  o f  t h e  b i ­
a x i a l  n a t u r e  o f  t h e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s e s ,  i n  a d d i t i o n  t o  a n  a x i a l  t h e r m a l  s h o c k - i n d u c e d
T'V T'V
s t r e s s ,  CT\ ,  t h e r e  i s  a  t r a n s v e r s e  t h e r m a l  s h o c k - i n d u c e d  s t r e s s ,  02 ,  g i v e n  b y  [ 3 . 1 9 ] ,  t h a t  c a n  b e  
t h o u g h t  o f  a s  a c t i n g  p e r p e n d i c u l a r  t o  t h e  f i b r e / m a t r i x  i n t e r f a c e  d u r i n g  t h e  s h o c k .  H e n c e ,  0 2  s  m a y  
r e d u c e  t h e  v a l u e  o f  t h e  r a d i a l  c l a m p i n g  s t r e s s  a t  t h e  i n t e r f a c e  o n  w h i c h  t h e  v a l u e  o f  t h e  i n t e r f a c i a l  
s h e a r  s t r e s s ,  r ,  i s  a s s u m e d  t o  d e p e n d .  T h i s  m e a n s  t h a t  d u r i n g  t h e  s h o c k  t h e  v a l u e  o f  t  i s  r e d u c e d  
f r o m  i t s  r o o m - t e m p e r a t u r e  v a l u e  t o  a  s i g n i f i c a n t l y  l o w e r  o n e ,  w h i c h  w i l l  d e p e n d  o n  t h e  
m a g n i t u d e  o f  t h e  a p p l i e d  s t r e s s  0 2  s  • A s  c a n  b e  s e e n  f r o m  [ 3 . 3 2 ] ,  a  r e d u c t i o n  i n  z  w o u l d  c a u s e  a  
r e d u c t i o n  i n  a /HM, w h i c h  w o u l d  i n  t u r n  l e a d  t o  l o w e r  p r e d i c t e d  v a l u e s  o f  A T C. I n  o t h e r  w o r d s ,  b y  
t a l c i n g  i n t o  a c c o u n t  t h e  b i - a x i a l i t y  o f  t h e  a p p l i e d  t h e r m a l  s t r e s s  f i e l d ,  i t  c a n  b e  a r g u e d  t h a t  t h e  
d i s c r e p a n c y  b e t w e e n  e x p e r i m e n t a l  a n d  p r e d i c t e d  v a l u e s  o f  A T C i s  c a u s e d  b y  t h e  u s e  i n  [ 3 . 3 2 ]  o f  
v a l u e s  o f  z  m e a s u r e d  a t  r o o m  t e m p e r a t u r e .
I t  h a s  t o  b e  n o t e d  t h a t  a  d i f f e r e n t  v a l u e  o f  z  s h o u l d  b e  a p p l i c a b l e  d u r i n g  t h e  s h o c k  e v e n  w i t h o u t  
t a k i n g  i n t o  a c c o u n t  t h e  e f f e c t  o f  0 2 s . T h i s  i s  b e c a u s e  t h e  c l a m p i n g  s t r e s s  a t  t h e  i n t e r f a c e  d e p e n d s  
o n  t h e  r e s i d u a l  r a d i a l  s t r e s s  c a u s e d  b y  d i f f e r e n c e s  i n  C T E  b e t w e e n  m a t r i x  a n d  f i b r e s  a s  t h e  C M C  
i s  c o o l e d  f r o m  i t s  p r o c e s s i n g  t e m p e r a t u r e .  S i n c e  t h i s  s t r e s s  i s  p r o p o r t i o n a l  t o  A T /?  a n d  t h e  A T /?  o f  
h e a t e d  m a t e r i a l  ( =  T p - T max)  i s  l o w e r  t h a n  t h a t  o f  m a t e r i a l  a t  r o o m  t e m p e r a t u r e  ( =  T p - T 0) ,  t h e  
v a l u e  o f  t h e  c l a m p i n g  s t r e s s ,  a n d  c o n s e q u e n t l y  o f  r ,  s h o u l d  b e  c h a n g e d  a t  t h e  o n s e t  o f  f r a c t u r e .
A s  i t  h a s  b e e n  q u a l i t a t i v e l y  a r g u e d  t h a t  t h e  a p p l i e d  t h e r m a l  s t r e s s e s  c a n  b e  t h o u g h t  o f  a s  
a f f e c t i n g  t h e  r a d i a l  c l a m p i n g  s t r e s s  a t  t h e  f i b r e / m a t r i x  i n t e r f a c e ,  a n  a t t e m p t  i s  p r e s e n t e d  i n  t h e  
f o l l o w i n g  s e c t i o n  t o  m o d e l  c h a n g e s  i n  z  a t  v a r i o u s  A T s  u s i n g  a  m o d i f i e d  C o u l o m b - t y p e  
r e l a t i o n s h i p  u s u a l l y  e m p l o y e d  t o  c h a r a c t e r i s e  t h e  r e s u l t s  o f  m i c r o - i n d e n t a t i o n  t e s t s .
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3.2 .2 . M od ellin g  C h an ges in  In terfac ia l S h ear S tress due to T h erm al S hock
3.2.2.1. Introduction
The enhanced toughness o f  fibre-reinforeed CM Cs with non-oxide matrices compared with  
m onolithic ceramics is m ainly achieved through properly engineered fibre-matrix interfaces that 
allow  fibres to debond ahead o f  advancing cracks and slide past the matrix (Parthasarathy et a l  
2003). One school o f  thought in the experim ental analysis and description o f  interfacial 
behaviour in CM Cs v iew s the sliding stress at the fibre/matrix interface as a Coulom b law  o f  
friction (Kerans and Parthasarathy 1991, Jero et a l  1991, M ackin et a l  1992, Parthasarathy et a l  
1997, Drissi-Habti and Nakano 1997). This m eans that the frictional stress is assum ed to be 
directly proportional to the radial clam ping stress, w hich includes contributions m ainly from  
radial residual thermal stresses and fibre roughness-induced com pressive stresses (L ew is 2000).
In the case o f  thermal shock, the interface can be considered to be under the influence o f  a tensile  
thermal shock-induced stress, given  by [3.19], that reduces the m agnitude o f  the radial clam ping  
stress. The extent o f  this reduction at each AT w ould depend on the respective value o f  the 
thermal shock-induced stress. In the fo llow in g  paragraphs, a C oulom b-type expression is first 
derived for an interface under thermal shock and is then applied to the cases o f  the thermally  
shocked CM Cs m entioned in paragraph 3 .2 .1 .6 .
3.2.2.2. Model Derivation
F ollow ing the review  o f  the relevant theory presented by Drissi-Habti and Nakano (1997) and 
ignoring P oisson  effects, w e  postulate that the value o f  interfacial shear stress, t ,  w hen the 
surface considered in Fig. 3.1 is subjected to a thermal shock AT, is described by a Coulom b- 
type relationship o f  the form:
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t = -juo-2 [3.34]
In [3 .34], n  is the coefficient o f  friction betw een fibre and matrix and 02 is the clam ping stress at 
the fibre/matrix interface. The value o f  02 in the case o f  thermal shock treatment is given  by:
  RES , J—.RA , ro o r i(72 ~  ^^ 2 CT2 ^^ 2 L J
Equation [3.37] states that the value o f  the clam ping stress, 02, depends on the difference  
betw een (a) the sum o f  the radial residual thermal stress, o f ES, and the fibre roughness-induced  
stress, <52M , and (b) the thermal shock-induced radial stress, 02 S- So, [3.34] becom es through
[3.35]:
T = -g (c r™ s +<T™ +cr?) [3.36]
W e continue to em ploy the m odel o f  Budiansky e t  a l .  (1986) for the calculation o f  <T2RES, in  
contrast to Drissi-Habti and Nakano (1997) and other workers. The m odel g ives G 2RES as:
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< r fs =  © 2ATF
where:
©2 =
1 -
2(1- v 12)
1 5 l
EV J
(1 - v 12)
[3.37]
[3.38]
The m odel produces similar results to those o f  P ow ell et al. (1993) and agreement w ith  the 
m odel em ployed in the analysis o f  m icro-indentation tests is fair.
The fibre roughness-induced com pressive stress, 02RA, is characterised by the fo llow ing  
expression as (Drissi-Habti and Nakano 1997):
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_R4  f  'or 2 =  C '-A' [3.39]
where:
C  =
E „ E /
E / 0  + +,„) + E„ (1 -  +/ )
[3.40]
In [3 .40], r is the fibre radius and A r is the roughness amplitude o f  the fibre surface. Finally,
[3.36] becom es through [3 .19], [3.37] and [3.39]:
T  —  — JU (© 2a t p ) + ------- M + ( A 0 2AT) [3.41]
3.2.2.3. Application of the modified Coulomb-type Model
Equation [3.41] is now  applied for the U D  CM Cs m entioned in paragraph 3 .2 .1 .6 , using the data 
presented in Tables 3.1 and 3.2 , at increasing values o f  AT. The stress reduction factor, A , is 
allow ed to vary betw een 0 - 0.66, w hile the roughness amplitude o f  the N icalon  fibre has been  
determined to be —30 nm  w ith the use o f  atom ic force m icroscopy (A FM ) (Chawla et al. 1995, 
Vansw ijgenhoven et al. 1998). In addition, a number o f  values have been  reported for ju, m ostly  
in  the range 0 - 0 .2 , depending on  whether the fibres have been coated before com posite  
manufacture or a thin interfacial layer has been formed during processing due to fibre/matrix 
reaction (L ew is 2000). In this study, p  values are obtained by applying [3.41] at room  
temperature (where g2TS ~  0) using experim entally-determined r  values reported in  the literature 
(Table 3.2). The values obtained, w hich  are presented in Table 3.3, are in good agreement with  
published results from m icro-indentation studies (e.g. Lara-Curzio and Ferber (1994) determined  
that p  — 0.05 - 0 .06 for N icalon /C A S).
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Table 3.3. Calculated values o f friction coefficient, fi
M ateria l N icalon/C A S Nicalon/Duran N icalon/Pyrex N icalon/L A S
0.0544 0.062 0.087 0.0144
The results o f  the application o f  [3.41] are presented in Fig. 3.2(a)-(d).
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Fig. 3.2. Interfacial shear stress as a function of AT given by [3.41] for UD 
(a) Nicalon/CAS, (b) Nicalon/Duran™, (c) Nicalon/Pyrex™, and 
(d) Nicalon/LAS. The ranges observed at each AT correspond to 
A = 0 - 0.66.
|UD Nicalon/LAS
i-------- 1-------- 1-------- j-------- i-------- 1-------- r
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U D  N icalon/Pyrex
i--------------- i--------------- 1--------------- 1---------------1........   “ i--------------- r
In section 3.2.1 of this chapter it was argued qualitatively that the interfacial shear stress, r, 
which governs the mechanical behaviour of CMCs, may be reduced from its room-temperature 
to a lower value dining thermal shock. Fig. 3.2(a)-(d) show that such reductions are possible if 
the thermal shock stress component 02 s is taken into consideration and modelled as acting 
perpendicular to the fibre/matrix interface.
The extent of such reductions depends on the relative magnitudes of 0 2  and the residual 
clamping stress, o2res, since the roughness-induced clamping stress, o2RA, is independent of 
temperature or temperature differential. In the case of Nicalon/CAS (Fig. 3.2(a)), 0 2  and 0 2  
act in a synergistic way since the value of <j2ts is increasing while o2RES is decreasing for 
increasing AT. This causes large reductions in x even at low values of AT, which partly explains 
why this material has the lowest ATC (the other reason being that the matrix is under residual 
tension in the fibre direction). The Pyrex™- and Duran™-matrix composites also exhibit large 
reductions in x with increasing AT, albeit of a smaller rate than the CAS-matrix system. This is 
because no thermal residual stresses are present in these materials, which is evident in Fig. 3.2(b) 
and (c) as x becomes equal to its room-temperature value for A = 0 irrespective of AT. In the 
LAS-matrix system, changes in r for increasing AT are small as the effect of on t  opposes 
that of <s2RES. This can be observed in Fig. 3.2(d) as for A = 0 x actually increases due to residual 
stress relaxation with increasing AT.
It is also of interest to investigate whether the reductions in x predicted by [3.41] correspond to 
the values of x required for thermal shock cracking to initiate at the experimentally-observed 
values of ATC. The values x should acquire so that [3.32] gives correct predictions can be
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3 .2 .2 .4 . D iscu ss io n
obtained by solving [3.32] for t and applying the resulting equation at the experimentally- 
determined values of ATC (Table 3.2). Equation [3.32] becomes:
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T = S -
E,
-i3
| a q a t c + 0 ^ [3.42]
Similarly, [3.41] is applied for the known values of ATC. In both equations, A is again varied 
from 0 - 0.66. The results are presented in Table 3.4.
Table 3.4. Correlation of values of r given by [3.41] and [3.42] for the ATf of each CMC
Nicalon/CAS Nicalon/Duran Nicalon/Pyrex Nicalon/LAS
(ATe=400°C) (AT>585°C) (ATc>600°C) (ATt.=800°C)
T from [3.42] 0.4-11.3 0-5.2 0-3.1 0-1.4
(MPa) from [3.41] 5.6-13.5 1.44-14 1.64-10 0.5-2.4
As it can be seen, the values of t predicted by [3.41] and [3.42] for the same ATC overlap for all 
CMCs under consideration. This is better visualised if the values predicted by [3.42] for 
increasing AT are superimposed on the graphs of Figures 3.2(a)-(d). An example (for 
Nicalon/CAS) is shown in Fig. 3.3. Similar graphs can be obtained for the other three CMCs.
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Fig. 3.3. Change in z  for increasing AT from [3.41]-dotted line-and from [3.42]-continuous line
Table 3.4 and Fig. 3.3 reveal that the proposed modified Coulomb-type model for the description 
of possible changes in x  during thermal shock not only predicts correctly the trends of the 
changes of r  with AT but can also provide quantitative estimates for the values of x  as a function 
of AT that correlate well with experimental data.
It has to be noted that more sophisticated approaches for modelling x  are available in the 
literature, e.g. Kuntz e t  a l .  (1993). Use of such models will share similar features with the 
present one (e.g. inclusion of 02TS)  and may describe the underlying phenomena more accurately, 
especially if  phenomena such as the Poisson effect are shown to be significant during thermal 
shock.
3.2.3. Determination of the stress reduction factor ‘A’
The previous analysis was performed by assuming that the stress reduction factor, A, varied from 
0-0.66 for reasons mentioned in paragraph 3.2.1.6. As we have now established that the two 
equations describing change in x  with AT (i.e. [3.41] and [3.42]) produce overlapping results, 
estimates of A can be obtained. This is achieved by plotting t  (obtained from both equations) 
against A (=0-0.66) for all ATs. The point where the two branches corresponding to the 
experimentally-determined ATC meet denotes the value of A for the particular material and 
quenching medium. The resulting graphs for the composites under consideration are presented in 
Fig. 3.4(a)-(d). The values of A derived for each composite are presented in Table 3.5.
Although these values can only be considered simple estimates as they are subject to 
inaccuracies regarding material properties and limitations of the incorporated models, it is
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interesting to note that they all fall within the range A=0.5-0.6. The same limits to the value of A 
can be set by combining the work of Blissett e t  a l .  (1997) and Boccaccini (1998).
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Fig. 3.4. Determination of the stress reduction factor, A, for water-quenching of 
UD (a) Nicalon/CAS, (b) Nicalon/Duran™, (c) Nicalon/Pyrex™, and 
(d) Nicalon/LAS.
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Table 3.5. Values of the stress reduction factor, A, for four different UD CMCs 
determined by the method outlined in section 3.2.3.
M aterial Nicalon/CAS Nicalon/Duran Nicalon/Pyrex Nicalon/LAS
(ATc=400°C) (ATc~585°C) (ATy>600°C) (ATc=800°C)
A 0.53 0.57 <0.6 0.54
3.2.4. The present approach as a predictive model for ATC
The above analysis can also be used to obtain approximate estimates for the ATC of UD CMCs. 
More analytically, we can substitute the value of t from [3.41] in [3.32], then solve for Tmax and 
subsequently determine ATC (= Tmax-T0). Two estimates can then be obtained; the first assuming 
an average value of the stress reduction factor A = 0.55, which seems to be a valid 
approximation at least for this class of CMCs, and the second assuming the maximum possible 
value of A, i.e. A = 0.66. Both estimates can also be determined graphically using the plots of 
Fig. 3.4(a)-(d). The values of ATC obtained are presented in Table 3.6.
Table 3.6. Estimates of ATf for four different UD CMCs determined by the methods 
outlined in section 3.2.4.
Nicalon/CAS
(ATc=400°C)
Nicalon/Duran
(ATc~585°C)
Nicalon/Pyrex
(AT>600°C)
Nicalon/LAS
(ATc=800°C)
ATC A=0.55 370 607 671 780
(°C) A=0.66 >300 >500 >550 >650
The estimates for A = 0.55 give the best agreement with experimental data as the error in the 
calculated values of ATC ranges from 2.5-12%. However, the approximation of A = 0.55 cannot 
be guaranteed to be reasonable in the case of other CMCs with appreciably different thermal and 
mechanical properties. For A = 0.66, only fair agreement with experimental data is achieved as 
the error ranges between 8-25%. However, the value of ATC obtained is the most conservative
possible and can be utilised as a guideline indicating the worst case scenario, i.e. the resistance of 
the material to thermal shock under the most severe conditions possible.
3.2.5. Discussion
A theoretical investigation of the conditions for the onset of multiple matrix cracking due to 
thermal (cold) shock in UD CMCs was conducted in this study. A model was developed to 
predict the critical quenching temperature differential, ATC, that required as inputs the processing 
temperature of the composite, the temperature o f the quenching medium, and material properties 
measured at room-temperature. The approach considers the anisotropic stress field generated 
during the shock, which is an improvement compared with available models. Numerical 
predictions for water-quenched CAS-, Pyrex™-, Duran™-, and LAS-matrix composites 
reinforced with Nicalon fibres suggested that the value of the effective interfacial shear stress 
may be significantly reduced during the shock compared with the standard (room temperature) 
value due to the presence of a thermal shock-induced stress component that acts perpendicular to 
the fibre/matrix interface. The phenomenon was modelled successfully using a modified 
Coulomb-type friction law and satisfactory correlation with experimental data was achieved. 
Subsequently, the combined models were used to provide predictions for the stress reduction 
factor that characterises the heat transfer condition during the shock. An average value of A =
0.55 was determined to be a satisfactory approximation for this type of CMCs that have similar 
mechanical and thermal properties. A methodology based on the assumed average and the 
maximum value of the stress reduction factor provided satisfactory and conservative estimates of 
ATC respectively.
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3.3. FRACTURE ON THE END FACES OF UD NICALON/CAS 
UNDER CONDITIONS OF THERMAL SHOCK
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3.3.1. Introduction
After analysing multiple matrix cracking at right angles to the fibre direction on faces containing 
longitudinal fibres of a UD CMC, work now proceeds to analyse the damage reported on the end 
faces of this material. Such cracks originate at the centre of the face and run parallel to the long 
top and bottom edges (Fig. 2.7).
This part of the chapter is divided into two distinct sections. The first section presents methods to 
predict the onset of fracture due to thermal shock. Both strength- and fracture mechanics-based 
approaches are presented. In the second section, the morphology of the cracks is explained.
3.3.2. The Onset of Cracking
3.3.2.1. Strength-based Approach
3.3.2.1.1. The Critical Condition for Cracking due to Thermal Shock
The first way we can approach this problem is by considering the stress field developed on the 
end (or transverse) face of a UD CMC under conditions of thermal shock. In such a case, fracture 
due to thermal shock should occur when the thermal shock-induced stress becomes equal to the 
mechanical strength of the transverse face, <SVr ,  i.e. when:
[3.43]
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The stress induced by thermal shock needs to be defined before application of [3.43] can 
proceed.
3.3.2.I.2. The Thermal Shock-Induced Stress Field
This face can be considered to be macroscopically isotropic. If, as in the previous section, only 
maximum values of stress at the surface are taken into account, then the thermal shock-induced 
stress, following the nomenclature of Fig. 3.5, is given by:
o f = A g 3AT [3.44]
Since the UD material is transversely isotropic,:
a E3a 3 E2a 21 v23 l - v [3.45]23
O TS
v
Fig. 3.5. Schematic of the transverse face of a UD CMC under thermal shock. 
Thermal shock-induced stresses are also indicated.
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3.3.2.I.3. Application of the Critical Condition for Cracking due to Thermal Shock 
By applying [3.43] using [3.44], we have at the onset of fracture:
Sr a = A e 3ATc [3.46]
which leads through [3.45] to:
AT. = S ^ - v 2 3 )  [347]
A E 2 a 2
In [3.47], E2 and «2 are given by [3.16] and [3.7] respectively, V23 can be assumed to be equal to 
V21 (given by [3.17]), and A = A = 0.55.
3.3.2.I.4. Discussion
Such an approach is difficult to implement as there is no model that can provide a valid value for 
Str. Studies of cross-ply CMCs (e.g. Pryee 1991) have shown that the strength of the transverse 
ply depends on its thickness and the problem is better approached using fracture mechanics 
methods. This is better shown if we calculate the required transverse strength o f a UD 
Nicalon/CAS so that [3.47] predicts the correct, experimentally-determined, ATC. By solving 
[3.47] for iStr and putting ATC = 400°C (Blissett e t  a l  1997) we get S tr  «  130 MPa. This is a 
very high value since most studies have shown that the strength of much thinner transverse plies 
in cross-ply Nicalon/CAS is between 25-40 MPa (Pryce and Smith 1992, Beyerle e t  a l  1992) 
depending on the laminate configuration. Even if residual stresses at the ply level are taken into 
account (~25 MPa tensile for the transverse plies according to Beyerle e t  a l ), the strength of 
plies much thinner than the transverse face of a UD Nicalon/CAS is more than 50% less than the 
required one. For the transverse face o f UD Nicalon/CAS to fracture under such a large thermal 
shock-induced stress, the flaw length that comes under this stress must be very small. This
implies that maybe not the whole area of the face suffers the maximum applied thermal stress, an 
issue which will be addressed later in this chapter. In the following section, fracture mechanics 
methods are applied in an attempt to investigate the above effects further.
3.3.2.2. Fracture Mechanics-based Approach
3.3.2.2.1. The Critical Condition For Cracking due to Thermal Shock
Fracture initiates when the applied thermal shock stress intensity factor, Kf s , becomes equal to 
the fracture toughness, K/c, of the material, i.e. when:
K f = K iC [3.48]
Before we apply this condition, we need to calculate the applied stress intensity factor as a result 
of thermal shock loading and define the fracture toughness o f the material.
3.3.2.2.2. The Thermal Shock-Induced Stress Intensity Factor
According to Blissett e t  a l .  (1997), fracture in Nicalon/CAS originates at the centre of the end 
face. Thus, if  we assume the existence o f a pre-existing surface crack of half-length c, the 
thermal shock-induced stress intensity factor at the tip of this central crack, K i TS, will be given 
by:
I t f , = o f V +  [3.49]
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Equation [3.49] becomes through [3.44] and [3.45]:
81
ICf = A 0 3At V ^  =
AE2a 2AT
1 — v
[3.50]
23
In order to apply [3.50] we need an estimate of the original crack half-length, c .  However, this 
can not be determined with any certainty and only estimates can be made.
Alternatively, the results of different approaches can be considered. Such analyses consider the 
variation of the full thermo-elastic stress field across the through-thickness direction and utilise 
fracture mechanics by assuming a pre-existing flaw in the depth direction. An example is given 
by the analysis of Zhao e t  a l .  (2000).
ar
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) * >  ) ?
>
Case fi f c ^ - ^ / i ( r - r „ )<72
Fig. 3.6. Schematic of a plate of thickness 2H  whose top and bottom 
faces are subjected to thermal shock (after Zhao e t  a l . 2000)
In Fig. 3.6, a component with thickness 2 H  is subjected to thermal shock at the top and bottom 
faces. The authors assume that there is a pre-existing crack of length H  and, based on this, derive 
expressions for the applied stress intensity factor due to thermal shock talcing into account the 
varying nature of the applied stress across the thickness. According to thermal shock theory (see 
Chapter 2), the half-thickness H  should be equal to or greater than a critical dimension, t c , such 
that the stress at the top and bottom faces can reach its maximum value, i.e. H > t c . If H  is made
equal to the critical dimension, t c ,  the equation derived by Zhao e t  a l .  for crack channelling (i.e. 
growth in the x-direction) has the form:
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K f  = A ’Q 3& t H [3.51]
where:
[3.52]
The authors postulated further that a crack o f depth H  in a plate under thermal shock can 
propagate either through the thickness (plane strain cracking), i.e. in the z-direction of Fig. 3.6, 
or through the thickness and then laterally, which could lead to spalling. The relevant mode here, 
however, is crack channelling since surface propagation is considered. For crack channelling, the 
authors derived:
[3.53]
Thus, through [3.52],:
[3.54]
In [3.54], the Biot modulus, /?, is given by:
[3.55]
The formula derived for K f  using the analytical result of Zhao e t  a l .  (2000) is equivalent to the 
one defined previously for a pre-existing surface crack. Thus, we can write that:
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K f  = A & A T V +  = A 'a A T V + : [3.56]
In order to apply [3.56], estimates of the critical dimension, t c , and the parameter A' are needed. 
It has already been stated in Chapter 2 that:
In [3.57], V  and ‘6’ are coefficients o f the equation that describes the stress reduction factor, A,
For an infinite plate a  = 1.5, b  -  3.25, c  = 0.5 and d  = -16 whereas for an infinite rod a  = 1.5, 
b  —  4.67, c  = 0.5, d  = -51 (Manson 1966). Since the specimens in question cannot be 
approximated by either infinite plates or infinite rods, we write down the expression o f the stress 
reduction factor for a sample with finite dimensions using as coefficients the averages of the 
values given above. Thus,
i.e.:
[3.58]
[3.59]
A similar approach has been adopted by Maensiri and Roberts (2002), who used 6 = 4 and 
d  = -30 for rectangular specimens of alumina nanocomposites. The thermal conductivity, k ,  
included in [3.57] is that in the through-thickness direction, given by:
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k  =  L =  k  V  + k f V f1 m m  ,v /  / [3.60]
if  we are dealing with the transverse face of a UD CMC. For the other faces of the UD material:
k f k
k - J c  -  f#V A")
(* / ,„  + K , v f )
[3.61]
Equation [3.57] can now be applied, using [3.60] and the coefficients o f [3.59], to provide the 
critical dimension. However, as h  varies widely (0 - 60 kW m"2 IC1) there is large scatter in the 
values this formula provides. Instead, an alternative approach is adopted in this study. According 
to this, [3.59] can be written through [3.55] as:
A =
T HZ'/ (~33-5>*
1.5 + Y ^ - 0 . 5 e  
t f h
[3.62]
It can be shown that the maximum value the stress reduction factor can take is Amax=0.66 (see 
paragraph 2.2). At the same time, the maximum value reported for the coefficient of heat transfer 
during thermal shock (water quenching) is h m ax=  60 kW m”2 IC1. Substituting these values in 
[3.62] we get:
A =max
0 0*7 (-33-5>*. 3.96/c A t R1.5 + -----------0.5e c max
C^ max
-1
[3.63]
The method utilised to obtain the critical dimension in this investigation is to ask the question 
‘what value should t c take for A to become equal to 0.66 at h  = 60 kW m"2 IC1?’, and perform a 
trial and error procedure using a spreadsheet. It must be noted that this is only an approximate
procedure that depends on the input values. It would be more reassuring if  the result is compared 
with an experimentally-determined value for the critical dimension.
If the value of t c  is known with confidence, [3.62] can then be used with to extract information 
about A'. More specifically, using known values o f the stress reduction factor, A, and the critical 
dimension, t c , estimates for h  can be obtained from [3.62]. Then, these estimates can be 
introduced in [3.54] to produce the respective values of A'.
3.3.2.2.3. The Fracture Toughness of the Transverse Face of a UD CMC
Two approaches can be proposed for the determination of the fracture toughness of interest, K/c. 
First, it can be noted that the process of opening of a crack on the transverse face by a thermal 
shock-induced stress field that is maximum at the surface and reduces rapidly in the through­
thickness direction bears resemblance to the variety of tests performed to determine R-curve 
behaviour in ceramic materials, e.g. the double cantilever beam test. When resistance to crack 
propagation of particulate-reinforced ceramics is determined using such methods, it is usually 
found that the initial value of fracture toughness is equal to that of the matrix (e.g. Trusty 1994). 
Thus, a first estimate for the initial resistance of the transverse face o f the UD material to crack 
propagation through its thickness can be:
K/c = K ro [3.64]
where Kw is the fracture toughness o f the matrix. Kahraman e t  a l  (1997) who performed double 
torsion (DT) tests to determine transverse fracture toughness in UD Nicalon/CAS II CMCs 
determined values of the critical strain energy release rate, G IC, which were almost equal to the 
value for the matrix.
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A second estimate for K/c can be postulated if the propagation of a crack along the surface of the 
transverse face is considered. From photomicrographs such as that of Fig. 2.7, it can be seen that 
an advancing surface crack is deflected continuously at successive fibre matrix interfaces. At 
ATC, these cracks are shallow, being limited to the surface of the material. Thus, a good estimate 
of the fracture toughness should be provided by the formula:
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K/c ~ K,„ see
2 ( e }
\ 2 j
[3.65]
where 0  is the angle through which the path of the advancing crack is deflected when it 
encounters the fibre-matrix interface. This formula was derived by Evan^andJFaber (1983) to 
describe the effect of the inclusion of spherical particulate reinforcements on the fracture 
toughness of a ceramic material.
In [3.64] and [3.65], the fracture toughness of the matrix, K m  is related to the fracture energy, 
G m , of the matrix through:
K,„ = [3-66]
3.3.2.2.4. Application of the Critical Condition for Cracking due to Thermal Shock 
At AT=ATC, i.e. at the onset of fracture, [3.56] becomes:
K ?  = K /c = A&AT, =  A ' Q 3 A T c / / [3.67]
87
The critical temperature differential is then given by:
3.3.2.2.5. Correlation with Experimental Results
Equation [3.68] is applied in this paragraph to the case of fracture of the end face of UD 
Nicalon/CAS, reported by Blissett e t  a l .  (1997). For this material, apart from the properties 
included in Tables 3.1 and 3.2, we have: k m  =  1.8 W m"1 IC1 (Blissett 1995), k f =  2.97 W m '1 IC1 
rwww.coiceramics.com) and V23 ~ V21. The angle of deflection of an advancing crack can be assumed 
to be equal to an average value of 0 -  45°.
The procedure outlined in paragraph 3.3.2.2.2 gives t c =  0.95 mm. This compares very well with 
t c  ~ 1.1 mm that Beeher and Warwick (1993) found experimentally for a glass ceramic material 
(Pyroceram 9606, Corning Glass Works, Coming, NY) with a slightly higher thermal 
conductivity. Thus, since it has already been determined that A = 0.55 for this class of materials 
or A = 0.53 for UD Nicalon/CAS specifically, computation of A !  can proceed. The values 
obtained are A' = 0.19 and A '  = 0.18.
Predictions for ATC can now be made using [3.68] for the two estimates of K/c defined in 
paragraph 3.3.2.2.3. The results are presented in Table 3.7, where the formula is applied to 
monolithic CAS as well, also investigated by Blissett e t  a l .  (1997). For this material the value of 
critical dimension obtained is t c  —  0.78 mm and, by assuming A = 0.55 , it is found that 
A' = 0.18.
Table 3.7. The results of the application of [3.68] to the end 
face of a UD Nicalon/CAS and monolithic CAS.
Nicalon/CAS
(ATc=400°C)
CAS
(ATc=360°C)
K fc Kfc Kw
c>
O 
H
1 
w 
n A'=0.18 2 9 2 343 345
A'=0.19 276 325 -
The results of Table 3.7 show that for monolithic CAS the discrepancy with the experimentally- 
determined value is 4%. By contrast, the error in the calculated values for the transverse face of 
the UD Nicalon/CAS is much greater: 14-19% for K /c = Kfc (given by [3.58]), and 27-31% for 
K /c = K f c  (given by [3.57]).
3.3.2.2.6. Discussion
The values obtained for the ATC of the end face of a UD Nicalon/CAS and for monolithic CAS 
show that the fracture mechanics approach describes in a satisfactory way the underlying 
phenomena. In addition, the accuracy of the prediction for CAS shows that accurate knowledge 
of the material properties included in [3.68] is a pre-requisite for successful application of this 
equation.
In the case of the end face of UD Nicalon/CAS doubts can be cast in the values entered for two 
crucial parameters: the fracture toughness, K/c, and the transverse modulus, E2. The doubts 
regarding the fracture toughness were partly overcome by utilising two different reasonable 
estimates. In the case o f the transverse modulus, the value computed from [3.16] (110 GPa) has 
been shown to be an upper bound for the modulus of transverse plies in this material. More 
specifically, Pryce and Smith (1992) used their experimental findings and laminated plate theory
to show that E2 = 85-110 GPa for the transverse plies of a range o f cross-ply Nicalon/CAS. The 
lowest value was found for the composite with the thickest, central transverse ply ((02°/904°)s). 
Since this thick transverse ply can be considered to be as close as possible to the end face of the 
UD material, the lower bound value for transverse modulus value can be adopted in this 
investigation. Application of [3.61] for E2 = 85 GPa gives ATC = 360-378°C for K /c = K ,c , and
ATC= 420-443°C for K /c = Kfc , i.e. the discrepancy with the experimental value is significantly 
reduced to 5-10%.
There are other factors that may affect the prediction of ATC, e.g. the simplifying assumptions 
made in the calculation o f t c and A', errors in the various parameters obtained from the literature, 
the approximate nature of ATC determination in water-quench tests etc. However, a main source 
for the observed discrepancy is perhaps likely to be that the formula of Zhao e t  a l  (2000) 
(equation [3.53]) was derived for an infinite plate.
Equation [3.56] can also be used to give an indication of values o f the length 2 c  of a surface 
crack that would have the same effect on the thermal shock resistance o f the end face. More 
specifically:
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The value obtained for UD Nicalon/CAS is of the order of equal to the half-thickness of each 
ply. In other words, the initial flaw is assumed to be of the order of the ply thickness, i.e. 2c c w t p
(where tp  is the thickness of each ply). Since ply thickness is equal to the total thickness of the 
sample (t) divided by the number of plies (N) from which it is comprised, the initial crack half- 
length is approximated by:
which is equivalent to [3.68]. The result implies that only part of the surface is subjected to the 
maximum applied thermal shock stress, i.e. there is a variation in stress across the surface 
dimensions. The fact that the crack appears along the centreline o f the face and runs parallel to 
the large top and bottom faces shows that such a variation possibly exists across the specimen 
thickness.
Although a satisfactory approach was demonstrated for the onset of thermal shock cracking, the 
morphology of thermal shock cracks on the end faces of UD CMCs cannot be explained by 
considering the applied thermal loading. A possible way to explain the observed phenomena is 
explored in the next section.
3.3.3. The Morphology of Cracks on End Faces of UD CMCs
3 .3 .3 .1. A n alysis
The longitudinal and transverse faces of the UD CMC of Fig. 3.5, held initially at high 
temperature, are assumed to come into sudden contact with a quenching medium of much lower 
temperature. The quench is such that thermal shock is inflicted concurrently on all material 
surfaces. For the thermal shock-induced stress to reach its maximum value at each material 
surface, the thickness just below each surface (i.e. in the depth dimension) must be equal or 
higher than twice the value of a critical dimension, t c . This is illustrated in Fig. 3.7(a) and (b).
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F ig . 3.7. Schematics o f  a plate (thickness—2D) whose top and b o tto m  faces are 
subjected to  therm al shock for w hich (a) H - t 0 (b) H > / ,  and (c) H < tc
It can be seen that in the case of Fig. 3.7(a) and (b) the critical dimensions of the top and bottom 
faces do not overlap, i.e. H > t c . This allows the temperature gradient between the surface and its 
interior due to the shock to be established unhindered, as the gradient develops at the instance of 
the shock between the surface and a depth in the component equal to t c (irrespective of total 
thickness). This in turn means that the stress reduction factor, A, can reach its maximum value 
for the particular conditions and material, (since the value of A depends on the temperature
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gradient) and, thus, the thermal shock-induced stress at each surface can reach its m axim um  
value.
B y contrast, in the case where H<tc, i.e. in  Fig. 3 .7(c), it can be seen that the tw o critical 
dim ensions overlap. This im plies that the tw o separate temperature gradients interact and neither 
is fu lly established. This results in  a reduction in A  and, consequently, the shock-induced stress 
at the surface w ill be only a fraction o f  its possib le m axim um  value. This is the reason behind the 
w ell-established fact that com ponents thinner than a critical thickness exhibit higher thermal 
shock resistance than their thicker counterparts (W ang and Singh 1994).
N ow , returning to the U D  CM C o f  Fig. 3 .5 , it can be stated that the critical d im ension o f  the 
transverse face (tC3) w ill be different from that o f  the other, longitudinal faces (tci). B y taking into 
account [3.68] and the m ethod outlined for the calculation o f  the critical dim ension, the 
difference arises because the thermal conductivity, /c, for the transverse face, given  by [3 .61], 
differs from k  for the longitudinal faces, given  by [3.62]. If, for illustrative purposes, the w idth o f  
the specim en is made m uch bigger than its thickness and the critical dim ensions o f  each face are 
superimposed, w e get the schem atic o f  Fig. 3.8.
Again, it is assum ed that all surfaces are subjected to thermal shock at the sam e tim e. The critical 
dim ension o f  the transverse face (tC3) is along the 1-direction, those o f  the side longitudinal faces 
(tci) along the 3-direction, and those o f  the top and bottom longitudinal faces (tci)  along the 2- 
direction.
Fig. 3.8. Schem atic o f  the end face o f  a U D  CM C where the critical dim ensions o f  the
adjoining faces have been superim posed. T he volum e in red corresponds to  the 
space w here no  gradient in teraction  is present.
Close observation reveals that, apart from the volume at the centre that is drawn in red, the 
respective critical dimensions of the adjoining faces overlap in the rest of the sample up to a 
length equal to in the 1-direction. The situation corresponds to the condition of Fig. 3.7(c) but
with critical dimensions of different length. So, in these areas the respective temperature 
gradients interact, which means that A at the corresponding surfaces, and thus the shock-induced 
stress, do not reach their respective maximum values.
By contrast, in the volume bound by the red lines no interaction of gradients takes place; the sole 
temperature gradient established is the one corresponding to the transverse face. Thus, the 
narrow area on the transverse face will experience the maximum possible severity of the applied 
thermal shock.
The above analysis provides the background for a satisfactory explanation of the cracking 
phenomena reported on the transverse face o f UD Nicalon/CAS samples of thickness 2.2 mm 
and width 10 mm (Blissett e t  a l .  1997). As reported in paragraph 3.3.2.2.4 t cs = 0 . 9 5  mm, while 
for the longitudinal faces t c i ~ l  .05 mm. If the values for t c i  are superimposed across the thickness 
of an image of the transverse face, it becomes obvious why the crack appears at that location. 
The image can be seen in Fig. 3.9.
The central area bounded by the two dotted lines corresponds to the area where the stress 
reduction factor reaches its maximum value. This area will always experience the highest 
stresses irrespective o f applied temperature differential. This means that although the areas 
adjacent to the bound one will start to crack as AT increases, the extent of damage in the central 
area will always be larger. This is evident in the image of Fig. 3.9 taken from a sample quenched 
at AT=800°C: although cracks are evident at various places on the surface, the major, deep crack 
still runs in the highlighted central area.
The above concept can also explain the direction of crack propagation. More specifically, 
although surface flaws are expected to be uniformly distributed on the material surface, the crack 
originates at one inside the bound area and simply follows the path perpendicular to which the 
maximum stress is applied. In addition, comparison of the thickness of the highlighted area 
(= 0.1 mm) with the flaw length required for crack initiation (equal to the individual ply 
thickness or 0.183 mm) shows that no cracking can commence at right angles to the horizontal.
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3 .3 .3 .2 . D iscu ss io n
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F ig . 3.9. T he critical dim ensions o f  the top  and bo ttom  faces are seen here superim posed 
on  a photo-m icrograph  o f  an end face o f  U D  CMC. T he area bounded  by the 
do tted  lines is w here m axim um  shock-induced stress occurs.
The cracking phenomena due to thermal shock on the surface of a UD CMC were explained and 
analysed in this chapter.
Models that predict the critical quenching temperature differential for cracldng onset with 
satisfactory accuracy were developed. In addition, a theoretical framework that explains the 
morphology of the cracking phenomena was established.
It is of great interest to extend and apply the theories and models developed in this chapter to 
more complex CMC laminates. Although some data on the thermal shock behaviour of 2-D 
CMCs already exists (see Chapter 2), detailed experimental observations need to be made on a 
wide range of CMC laminates. Such an investigation was performed as part of the research 
reported in this thesis. The results are presented in the following two chapters.
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3.4. CONCLUDING REMARKS
C h a p t e r  4:
M a t e r i a l s  a n d  E x p e r i m e n t a l  
T e c h n i q u e s
The materials used in this study were manufactured by Corning Inc. and supplied courtesy of 
Rolls Royce pic. They comprised a calcium aluminosilicate (CAS) glass-ceramic matrix 
reinforced with silicon carbide (Nicalon*) fibres arranged in three different ply architectures: 
(0790°)s , (0790°)3s, and plain-weave (PW) woven. The first and the second materials were 
manufactured by hot pressing 4 and 12 plies, respectively, of UD Nicalon fibres impregnated 
with the matrix material to give CMCs of thickness ~ 0 .7  mm and -2 .2  mm, respectively, and 
fibre volume fraction of 0.34. The PW woven material was manufactured by hot pressing 12 
plies of woven Nicalon-fibre cloth impregnated with the matrix material to give a plate with a 
thickness of 2.2 mm and low porosity. The fibre volume fraction of this material has been 
determined by Ironside (1996) to be 0.35.
Electron probe microanalysis o f similar unidirectional material coming from the same source 
(Blissett 1995) showed that the matrix material was a glass ceramic from the ternary CaO- 
Al2(>3-Si02 system, which also included small particles that were either aluminium- or 
zirconium-rich. The fibre and the matrix material had elastic moduli of 190 and 90 GPa 
respectively, while the respective values for thermal expansion coefficient were a /=  3.3x 10'6 
°C '' and a,„= 4.6x 10’6 "C'1.
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4.1. MATERIALS
* Nicalon is a trademark of Nippon Carbon Co.
In more detail, the material was identified as stoichiometric Ca0-Al20 3-28i02, the anorthite 
phase of the system.
4.2. EXPERIMENTAL PROCEDURE
4.2.1. Introduction
The experimental procedure comprised a series of thermal shock tests on polished material 
samples, which were subsequently used either for damage characterisation or for mechanical 
testing. In the following paragraphs, details are provided of the sample preparation routine, the 
thermal shock and mechanical testing procedures, as well as o f the means and method used for 
damage characterisation.
4.2.2. Sample Preparation
Test samples for damage observation and mechanical testing were cut to size from the supplied 
material using a high-speed Diamant Boart, sliding-bed cutting machine fitted with a water- 
cooled cutting wheel coated with 200 pm diamond particles. The dimensions of the specimens 
used for damage observation were 6 mm x 6 mm x 0.7 mm for the (0790°)s laminate, and 6 mm 
x 6 mm x 2.2 mm for the (0790°)3S laminate. For the PW woven laminate, samples with two 
different sets o f dimensions were prepared: 12 mm x 6 mm x 2.2 mm, and 8 mm x 4 mm x 2.2 
mm. The PW woven Nicalon/CAS specimens used for mechanical testing were 50 mm x 5 mm 
x 2.2 mm.
Parallel longitudinal faces of samples of all CMCs were prepared for damage observation. These 
faces were 6 mm x 0.7 mm for the (0790°)s laminate, 6 mm x 2.2 mm for the (0790°)3S, and 12 
mm x 2.2 mm , 6 mm x 2.2 mm, 8 mm x 2.2 mm, and 4 mm x 2.2 mm for the PW woven 
material. By preparing adjacent longitudinal faces in the cross-ply CMCs, damage due to 
thermal shock could also be observed for the (9070°)s and (9070°)3S configurations.
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Preparation of the above surfaces was performed using a Struers Planopol-2 machine fitted with 
a Pedemax-2 rotating head. Suitable specimen holders were designed and were manufactured by 
the School of Engineering Workshop. Three of them were used each time to ensure the balance 
of the rotating head. Each specimen holder could accommodate up to three specimens depending 
on the surface that had to be polished. In this case, one specimen was clamped in each holder for 
each polishing cycle.
The preparation routine comprised eight stages -  six grinding and two polishing. Silicon carbide 
paper with grain size 320-4000 grit was used as the grinding media. Each stage lasted 15-60 
seconds with ultrasonic cleaning of the specimens performed in between. The polishing stages 
were carried out using 3 pm and 1 pm diamond wheels and spray, and resulted in a 1 pm finish. 
The full preparation procedure is summarised in Tables 4.1. (a)-(b).
The same procedure was employed to prepare parallel longitudinal faces (50 mm x 2.2 mm) on 
the test samples of PW woven Nicalon/CAS used for mechanical testing.
T a b le  4.1: T he (a) grinding, and (b) polishing procedure followed for surface preparation.
(a)
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G rin d in g I II III IV V VI
Grinding Media SiC SiC SiC SiC SiC SiC
Grit/Grain Size 320 500 800 1200 2400 4000
Lubricant Water Water Water Water Water Water
Speed (rpm) 300 300 300 300 300 300
Pressure (N) 60 60 60 60 60 60
Time (seconds) Till
plane
15 15 30 60 60
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(b)
Polishing I
Polishing Cloth DP-DUR DP-DUR
Polishing Media DP-Spray DP-Spray
Grain (pm) 3 1
Lubricant Blue Blue
Pressure (N) 60 60
Speed (rpm) 150 150
Time (seconds) 60 60
4.2.3. Thermal Shock Simulation Procedure
The quench test, as described in paragraph 2.3.2, was used to produce the thermal shock 
condition. The quenching medium was a large quantity (>10 litres) of room-temperature water 
(20-22°C); the temperature of the water was measured before and after each thermal shock test 
using a thermocouple probe. All thermal treatments of the specimens were carried out using two 
Elite Thermal Systems Limited electric muffle furnaces (Models BAF 7/15 and BSF 12/22) 
fitted with Eurotherm Model 2416 electronic temperature controllers.
For each thermal shock test, the test specimen was placed on an alumina crucible and was 
inserted into the furnace, which was already set at a pre-determined temperature. The crucible 
was placed at the centre of the furnace. Each test specimen was kept in the furnace for 15-20 
minutes to ensure uniform temperature distribution. Specimens tested at the highest temperature 
differentials investigated (AT=700-800°C) were heated for shorter periods of time (7-10 mins), 
as it was found that the longer soak resulted in the formation of a thin glassy layer over the 
material surfaces, probably a by-product of oxidation processes, which obscured crack 
observation. The furnace was subsequently opened, the crucible was removed, and the test 
specimen was rapidly dropped into the water bath. The time taken for the specimen to reach the
water bath after its removal from the centre of the furnace was about 1-2 seconds. It is believed 
that this did not affect the specimen temperature considerably, so the specimen could be 
considered to have its inside-the-fumace temperature when it impacted the water bath. The 
water bath temperature remained constant after quenching. The test specimen was subsequently 
removed from the water bath and was allowed to dry before microscopic examination or 
mechanical testing could proceed. It should also be noted that as throughout this study the 
quenching medium temperature was maintained constant at 20-22°C, the target furnace 
temperature was in all cases 20-22°C higher than the values given for temperature differentials. 
Temperature differentials investigated ranged between AT=100-800°C, while 2-4 specimens 
were tested at each AT.
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4.2.4. Mechanical Testing
4 .2 .4 .1. Ten sile T estin g
Aluminium end tabs were bonded to the ends of test coupons prior to testing using a Permabond 
F246 rubber toughened acrylic adhesive, leaving a final gauge length of 30 mm. The applied 
strain was measured using a Vishay Micro-Measurements CEA-06-250UN-350 precision strain 
gauge, which was attached to the centre o f one of the large faces (50 mm x 5 mm) of the test 
coupon using a cyano-acrylate adhesive (Fig. 4.1). The output of the strain gauge was recorded 
using a Solartron SI 3535D data logger.
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F ig . 4.1. A tensile coupon  w ith the strain gauge attached and  secured.
T he end tabs can also be seen.
Tensile tests were carried out using an Instron model 1195 tensile testing machine with a 100 kN 
load cell at a cross-head speed of 0.5 mm/min. All samples were loaded continuously to failure. 
The load and strain outputs were stored as data files in a PC running Windows™ software, 
which was connected to the Instron machine and the digital strain indicator.
Processing of the recorded data was performed using Microsoft Excel™ software. Mechanical 
properties were determined from the generated graphs following ASTM C l275-95 and BS EN 
658-1:1998 where appropriate.
4.2.4.2. Flexure Testing
Flexure testing was performed using a three-point bend test rig that had been designed and built 
in-house. The support span was 32 mm. The upper platen, that contained the two supports on 
which the test specimen was placed, was firmly pinned to an Instron 1175 Testing Machine. The 
lower platen, which had the central loading point fixed on it, was attached to the cross-head 
beam of the testing machine (Fig. 4.2). A 10 kN load-cell was employed. The output of the load 
cell and the cross-head displacement were monitored in real-time and recorded by a PC running
Windows™ software. The flexural testing procedure and the analysis of the results were 
performed following the ASTM C 1341-97 Standard Test Method exactly.
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F ig . 4.2. Pho tograph  o f  the bend  test rig.
4.2.5. Damage Observation
Microscopic examination of the thermally-shocked specimens was carried out using a reflected 
light microscope (Zeiss Axiophot). The microscope was connected to a PC with suitable 
software so that the images could be seen on the computer screen in real time and could also be 
processed and subsequently stored as computer files. Every thermally-shocked face was 
examined using the microscope and was photographed section by section. Then, the stored 
images were assembled using the Panavue Image Assembler™ software. The resulting image
showed the whole area of the surface on which the cracking pattern was subsequently imposed 
manually after careful observation o f the real surface under the microscope. More detailed 
observation o f cracking patterns was performed using a scanning electron microscope (Hitachi 
environmental S-3200N), which was operated at high potentials (>15 kV) to obtain sufficient 
resolution.
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C h a p t e r  5:
T h e r m a l  S h o c k  D a m a g e  
o n  C r o s s - P l y  C M C s
5.1. INTRODUCTION
The effect of a thermal shock on the microstructure of several cross-ply Nicalon/CAS laminates 
o f various configurations is presented in this chapter. The configurations examined include 
simple (0°/90°)s and (9070°)s laminates, as well as multi-layer (0790°)3S and (9070°)3S laminates.
The results for each laminate are presented as follows: first, the critical quenching temperature 
difference for the onset of damage due to thermal shock is given. Identification and description 
of the main damage modes, as well as their location on the polished surface of the material, 
follows. Then, the way in which the various damage modes accumulate on the material surface 
when successively higher temperature differentials are applied is described in detail. This is 
accompanied by quantification o f the extent of damage at each temperature differential 
investigated.
After the above procedure has been completed for all laminates, qualitative and quantitative 
comparisons are made between the observed thermal shock characteristics of the various 
laminates. This also facilitates the identification of general trends in the way thermal shock 
loading affects this class of CMCs.
It has to be noted that some aspects of the thermal shock resistance of the (0790°)3S (as well as 
some of those of a (027904°)s) laminate have already been assessed in the work of Blissett (1995) 
and have been presented in Blissett e t  a l .  (1998) (see Chapter 2). The current investigation aims 
to verify, reinforce and extend significantly the work of Blissett (1995) on the (0790°)3S laminate 
as well as to complement it with detailed data on configurations not covered in the 
abovementioned investigation.
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5.2. DAMAGE CHARACTERISATION OF THERMALLY-SHOCKED 
SIMPLE CROSS-PLY NICALON/CAS LAMINATES
5.2.1. The (0°/90°)s Laminate
5.2.1.1. Critical Quenching Temperature Difference (ATC)
No damage was observed on the surfaces of material samples after quenching through 
temperature differentials lower than 450°C, i.e. for AT<450°C. Some of the samples quenched 
through AT=450°C, the majority of the samples quenched through AT=480°C and almost all of 
the samples tested through AT=500°C showed evidence of matrix damage in the form of 
shallow, hair-like cracks. Thus, it was decided that the critical quenching temperature differential 
for this laminate lies in the range 450-500°C, i.e. ATc=450-500°C. The actual value of ATC 
seems to vary depending on experimental details, such as the angle of impact with the quenching 
medium, and the extent of pre-existing damage on the surfaces of the material. Generally, 
surfaces that exhibit at least some open porosity crack at 450°C or at temperature differentials 
close to this value.
5.2.1.2. Damage Modes due to Thermal Shock
5.2.1.2.1. Nomenclature
The description of thermal shock damage on this laminate is given with reference to the 
nomenclature of Fig. 5.1. As it can be seen, the central, thick transverse (90°) ply is designated 
as TI (Transverse 1) while the adjacent longitudinal (0°) plies are designated as LI 
(Longitudinal 1).
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F ig . 5.1. (a) Schem atic diagram  defining the nom enclature used to  describe dam age 
due to  therm al shock on  a (0°/90°)s lam inate and (b) m icrograph o f  the 
surface o f  a (0°/90°)s lam inate (its thickness is abou t 0.7 mm ).
5.2.1.2.2. General
One fracture mode due to thermal shock was identified on the surfaces of material samples 
shocked through AT>450°C, as ‘matrix cracking’. If the direction o f matrix cracks is taken into 
account, matrix cracks can be further divided into those that run parallel and those that run 
perpendicular to the x-axis, i.e. to the horizontal. Hence, two types of cracking phenomena are 
described in detail in the following paragraphs:
a. Horizontal Matrix Cracks (HMCs)
b. Perpendicular Matrix Cracks (PMCs)
It should be noted that no fibre breaks/failures could be observed even at the highest temperature 
differentials investigated (AT=700-800°C).
HMCs were the first form of damage seen after quenching through AT=450-500°C (Fig. 5.2). 
They were located exclusively in the thick, central 90° ply (TI) and propagated approximately 
parallel to the horizontal (x-axis). Each one was deflected at the successive fibre-matrix 
interfaces it encountered on its path. For this reason Graham e t  a l .  (2003), who observed similar 
crack patterns on the transverse faces of UD Nicalon/LAS II after thermal shock, referred to 
them as ‘thermal debond’ cracks. HMCs also seemed to appear randomly on the ply surface, 
although most of them could be seen towards the centreline (C-C’) o f the ply.
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5.2.1.2.3. Horizontal Matrix Cracks
Fig. 5.2. Photom icrograph  o f  shallow, hair-like HM C on  T I at AT=450°C .
5.2.1.2.4. Perpendicular Matrix Cracks
PMCs were detected on the surfaces of thermally-shocked specimens of this laminate after 
quenching through AT=500°C, exclusively in the two 0° plies (LI) adjacent to the thick, central 
90° ply. These cracks ran across the ply thickness, leaving the fibres on their path unaffected 
(Fig. 5.3).
Fig. 5.3. Photomicrograph of PMC in LI at AT=500°C that arrests inside 0° ply.
5 .2 .1.3 . E volution o f  Therm al S h o ck  D am age with Increasing A p p lie d  Q uenching  
Tem perature D ifferential (A T )
5.2.1.3.1. General
The effect of increasing applied quenching temperature difference on samples of this laminate 
can be seen in the sequence of Fig. 5.4(a)-(e), where the crack patterns observed under the 
microscope have been superimposed onto RLM images of the respective material surfaces. In the 
following paragraphs, both qualitative and quantitative descriptions of the effect of increasing 
AT on each damage mode referred to previously is given.
5.2.1.3.2. Description of Thermal Shock Damage Development
At AT=450-500°C, only a small number of HMCs were observed in TI. They did not penetrate 
deep in the matrix and were short in length. The small number (1-2) of PMCs that were seen in 
LI at AT=500°C exhibited similar characteristics. In addition, they did not span the entire 0° ply 
thickness but arrested at fibre-matrix interfaces inside the ply (Fig. 5.3).
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(a) AT=450°C
(c) AT=600°C
(d) AT=700°C
Fig. 5.4.(a)-(e) Photomicrographs of quenched surfaces o f (0/90)s Nicalon/CAS 
with superimposed crack pattern observed at each AT. The faces 
shown are 6 mm x 0.7 mm.
At AT=600°C a number of short, random HMCs were again observed in TI, while some PMCs 
in Ll could be seen to extend and bridge the whole 0° ply thickness. Some HMCs seemed to 
connect and form 1-2 longer cracks in TI at AT=700°C (Fig. 5.5). At the same temperature 
differential, some PMCs not only bridged the 0° ply thickness but also extended into the adjacent 
90° ply (Fig. 5.6).
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F ig . 5.5. H M C o f  increased length at A T=700°C . F ig . 5.6. PM C at A T=700°C  that bridges
ply thickness and extends in to  
adjacent ply.
Almost all PMCs, which had increased in number significantly, could be seen traversing the 
thickness of LI at AT=800°C, while 1-2 longer HMCs ran along the TI length.
The application of higher temperature differentials did not result in significant morphological 
changes in either HMCs or PMCs. Both damage mechanisms remained surface features of small 
depth. It must also be noted that at all temperature differentials PMCs were evenly distributed 
between the two 0° plies termed LI.
5.2.1.3.3. Quantification of Thermal Shock Damage Development
In Figs. 5.7 and 5.8 the increase in crack density for both PMCs and HMCs with increasing 
applied temperature differential is shown.
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Fig. 5.7. Crack density as a function of AT for PMCs for (0°/90°)s Nicalon/CAS laminate.
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Fig. 5.8. Crack density as a function of AT for HMCs for (0°/90°)s Nicalon/CAS laminate.
Crack densities for HMCs are given in crack length per unit area (mm/mm or mm' ) while PMC 
crack densities are given as cracks per millimetre (cracks/mm), which is the normal method for 
describing the density of this fracture mode in UD and cross-ply composites.
The failure of small, individual HMCs to connect at higher temperature differentials and form 
much longer cracks is evident in the graph of Fig. 5.8. As can be seen, there is only a moderate 
increase in crack density with increasing severity of the applied shock. By contrast, the density 
of PMCs increases at a higher rate. This is more evident in the graph of Figure 5.9, where both 
types of cracking are compared in terms of crack length/unit area. Although PMCs appear at 
higher AT, they constitute the larger percentage of the total damage accumulated at the higher 
temperature differential investigated.
It must be noted that although an attempt was made to deduce different trends in crack density 
increase between successive quenching temperature differentials, the observed scatter in the 
measured crack density values did not allow for firm conclusions to be reached.
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R elevant trends for each dam age m ode are also shown.
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5 .2 .2 .1. Critical Q uen chin g Tem perature D ifference (A T C)
Damage due to thermal shock was observed under the optical microscope after quenching 
through temperature differentials higher than 500°C. Thus, the critical quenching temperature 
differential for this laminate was determined to be ATc=500°C.
5.2.2.2. D am age M o d es due to Therm al S h ock
5.2.2.2.1. Nomenclature
The description of thermal shock damage on this laminate is given with reference to the 
nomenclature of Fig. 5.10. The central, thick 0° ply is designated as LI while the adjacent 90° 
plies are designated as T I .
5.2 .2 . T h e  (90°/0°)s L a m in a te
(a) (b)
F ig . 5.10. (a) Schem atic diagram  defining the nom enclature used to  describe damage 
due to  therm al shock on  a (90°/0°)s laminate and (b) m icrograph o f  the 
surface o f  a (90°/0°)s lam inate (its thickness is abou t 0.7 mm).
5.2.2.2.2. General
The main mode of damage due to thermal shock on this laminate was matrix cracking. 
Horizontal matrix cracks (HMCs) developed parallel to the x-axis while perpendicular matrix 
cracks (PMCs) could be seen running at right angles to the x-axis. No damage to the fibres could 
be detected even at the highest temperature differentials investigated.
5.2.2.2.3. Perpendicular Matrix Cracks
PMCs were the first type of damage due to thermal shock detected on the surfaces of this 
laminate. They appeared exclusively in the central, thick LI ply at AT=500°C. They could be 
seen leaving the longitudinal fibres on their path unaffected, being arrested at fibre-matrix 
interfaces inside the 0° ply or at the interface between 0° and 90° plies. Such cracks can be seen 
in Fig. 5.11.
5.2.2.2A Horizontal Matrix Cracks
HMCs or ‘thermal debond’ cracks appeared in the TI plies of this laminate after quenching 
through AT=550°C. Only a few of these cracks could be observed and they were deflected at 
successive fibre-matrix interfaces. A major, long HMC could not be identified. The morphology 
of such cracks is evident in the photomicrograph of Fig. 5.12.
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Fig. 5.11. PMC in LI at AT=500°C. Fig. 5.12. HMC in TI at AT=550°C.
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5.2.2.3. E volution o f  Therm al S h o ck  D am age w ith Increasing A p p lied  Q uen chin g  
Tem perature D ifferential (A T )
5.2.2.3.1. General
Changes to the number and the morphology of both types of matrix cracking for this laminate 
under increasing applied AT are shown in the sequence of Fig. 5.13(a)-(e). They are described in 
the following two paragraphs.
(a) A T=500°C
(b) A T=550°C
(d) A T=700°C
(e) A T=800°C
Fig. 5.13(a)-(e) Photom icrographs o f  quenched surfaces o f  (90/0)s N icalon/C A S  
w ith superim posed crack pattern  observed at each AT. The faces 
shown are 6 mm x 0.7 mm.
PMCs originating at AT=500°C were few in number and did not penetrate deep inside the matrix 
material. In addition, they did not span the full thickness of the LI plies. Most of the PMCs 
could be seen traversing the thickness of the central LI ply at AT=550°C, while all of them 
bridged it at AT=600°C before being arrested at the interface between 0° and 90° plies (Fig. 
5.14). At the highest temperature differentials (AT=700-800°C), some PMCs could be seen 
propagating a short distance inside the adjacent 90° plies.
119
5.2.2.3.2. Description o f Thermal Shock Damage Development
F ig . 5.14. PM C bridging L I thickness (—0.35 mm) at AT=600°C .
A small number of short HMCs were almost evenly distributed between the TI plies at all 
temperature differentials investigated. The increase in AT was accompanied in most cases with a 
moderate increase in their length.
The depth and opening of PMCs and HMCs was not altered by the application of higher 
temperature differentials. They both remained surface features throughout the temperature range 
investigated.
The change in crack density of both PMCs and HMCs with increasing shock severity is shown in 
Fig. 5.15 and 5.16 in terms of cracks per unit length and crack length per unit area, respectively. 
The number of PMCs increases significantly for higher ATs while the crack density of HMCs 
shows only a moderate increase. The large difference in the rate o f increase between the two 
types of matrix cracking is evident in the graph of Fig. 5.17. It can be seen that at all ATs, about 
2/3 of the total thermal shock damage is due to the formation and extension of PMCs.
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5.2.2.3.3. Quantification o f Thermal Shock Damage Development
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Fig. 5.15. Crack density as a function of AT for PMCs for (90°/0°)s Nicalon/CAS laminate.
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Relevant trends for each dam age m ode are also shown.
Damage due to thermal shock in simple cross-ply laminates was described and quantified in 
detail in this section. The main damage mechanism was found to be matrix cracking. Matrix 
cracks advanced parallel to the horizontal in transverse plies and at right angles to the horizontal 
in longitudinal plies. They were deflected at fibre-matrix interfaces at every quenching 
temperature investigated, so no fibre failures were observed.
The (9070°)s laminate exhibited better resistance to thermal ‘cold’ shock than the (0°/90°)s 
laminate. However, damage in both laminates originated in the thick, central ply and then, at 
higher temperature differentials, extended to adjacent plies.
Matrix cracks in both laminates were found to remain shallow, surface features irrespective of 
the severity of thermal shock loading. However, damage in the form of PMCs was more 
extensive than damage in the form of HMCs in both laminates, especially at higher quenching 
temperature differences.
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5.2.3. Summary
5.3. DAMAGE CHARACTERISATION OF THERMALLY-SHOCKED 
MULTI-LAYER CROSS-PLY NICALON/CAS LAMINATES
5.3.1. The (0790%  Laminate
5.3.1.1. Critical Quenching Temperature Difference (ATC)
Polished surfaces of this system did not exhibit any damage after quenching through temperature 
differentials lower than 350°C, i.e. for AT<350°C. After quenching through AT>350°C, surface 
cracking could be seen under the optical microscope. Thus, the ‘critical quenching temperature 
difference5 for this Nicalon/CAS laminate is ATc=350°C.
5.3.1.2. Damage Modes due to Thermal Shock
5.3.1.2.1. Nomenclature
The description of thermal shock damage on this laminate is given with reference to the 
nomenclature of Fig. 5.18.
5.3.1.2.2. General
The form of thermal shock damage observed on this laminate was matrix cracldng. This can be 
further divided into PMCs and HMCs depending on the orientation of matrix cracks relative to 
the horizontal x-axis. Longitudinal fibres remained unaffected even at high shocks.
5.3.1.2.3. Horizontal Matrix Cracks
HMCs were the first form of damage observed after quenching through ATc=350°C. They were 
located exclusively in 90° plies. Depending on the specimen under observation, these cracks 
emanated either from flaws, such as pores, and were contained inside the ply or originated from
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the edges of the ply and ran towards its centre (Fig. 5.19(a)-(b)). They were continuously 
deflected at successive fibre-matrix interfaces.
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Fig. 5.18. (a) Schem atic diagram  defining the nom enclature used to  describe dam age 
due to  therm al shock on  a (0 °/90°)3s lam inate and (b) m icrograph o f  the 
surface o f  a (0°/90°)3s lam inate (its thickness is 2.2 mm).
5.3.1.2.4. Perpendicular Matrix Cracks
PMCs were detected on the surfaces o f thermally-shocked specimens after quenching through 
AT=400°C, exclusively in 0° plies. These cracks ran perpendicular to the horizontal (i.e. to the 
longitudinal fibres of the 0° plies), leaving the fibres on their path unaffected, and arrested either 
at a fibre-matrix interface inside the ply or at the interfaces between 0° and 90° plies.
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(b)
F ig . 5.19. H M C in T I at A T =350°C  originating from  (a) inside 
the ply, and (b) the edge o f  the ply.
5 .3 .1.3 . E volu tion o f  Therm al S h o ck  D am age with Increasing A p p lie d  Q uenching  
Tem perature D ifferential (A T )
5.3.1.3.1. General
The evolution of cracking at temperature differentials between AT=350-800°C is shown in the 
sequence of RLM images of Fig. 5.20 (a)-(f).
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(a) AT=350°C
(b) AT=400°C
(c) AT=500°C
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(d) AT=600°C
(e) AT=700°C
(f) AT=800°C
F ig. 5 .20(a)-(f) Photomicrographs of quenched surfaces of (0°/90°)3s Nicalon/CAS 
with superimposed crack pattern observed at each AT. The faces 
shown are 6 mm x 2.2 mm.
At AT=350-400°C only random HMCs could be generally seen in the thick, central transverse 
ply (TI). However, a much longer crack was also evident on some specimens quenched at this 
temperature differential. These cracks were limited to the surface of the material.
At AT=400°C PMCs appeared at the 0° plies (LI) adjacent to TI while longer, random HMCs 
could again be seen in TI. Damage, in the form of PMCs and HMCs, appeared in the 0° plies 
designated as L2 and the 90° plies designated as T2, respectively, at AT=450°C. At this 
temperature differential, a long HMC propagated along the central TI ply (Fig. 5.21) while in the 
T2 plies only individual HMCs appeared.
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5.3.1.3.2. Description o f Thermal Shock Damage Development
F ig. 5.21. Long HMC in TI at AT=450°C.
Similar patterns were observed at AT=500°C. However, almost all PMCs now spanned the 
thickness of the LI, L2 plies while some started to extend into the adjacent 90° plies. In addition, 
some HMCs in the T2 plies connect to form longer cracks.
At AT=600°C all plies of this system sustained some form of thermal shock damage; TI 
contained a long, deep HMC, T2 exhibited shorter and shallower HMCs, while individual,
random HMCs could be seen in T3. In addition, all longitudinal plies (LI, L2, L3) contained 
PMCs, which seemed to decrease in number on going from the centreline (C-C’) towards the top 
or bottom edges of the surface.
The application of even higher ATs (=700-800°C) lead to an increase in the number of PMCs in 
the longitudinal plies, although it again looked as if the closer the ply was located to the 
centreline, the higher the crack density. In addition, some PMCs (especially in LI) could be seen 
to extend into the adjacent transverse plies (TI and T2). HMCs followed a more random pattern. 
There was always a long, deep crack that travelled almost the full length of the ply in either TI 
or T2. The rest of these plies contained shorter and shallower cracks while the cracks located in 
T3, although continuously increasing in number and length, failed to connect into longer HMCs 
even at the highest AT.
In general, the application o f higher ATs did not affect the morphology of PMCs. By contrast, 
HMCs located in transverse plies at or close to the centreline of the face became deeper and their 
opening, as well as their length, increased significantly at the highest temperature differentials 
investigated (Fig. 5.22).
It has to be noted that PMCs were evenly distributed between the longitudinal plies of the same 
designation (i.e. LI, L2 or L3). This was not exactly the case for HMCs as these were distributed 
in a more random fashion, especially at the higher temperature differentials, between the pairs of 
transverse plies (i.e. TI, T2 or T3) depending on the specimen under investigation.
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F ig . 5.22. SEM image of HMC located in the central 90° ply at high temperature differentials. 
The difference in morphology with the PMCs in the adjacent 0° ply is evident.
5.3.1.3.3. Quantification of Thermal Shock Damage Development
The increase in PMC density with increasing shock severity for each set of longitudinal plies 
(LI, L2, L3) is shown in the graph of Fig. 5.23. It is evident that crack density (CD) is always 
higher for the plies located towards the centre of the sample surface, i.e. CDli>CDl2>CDl3 at 
each AT investigated. The rates of increase of cracking in each set of plies are comparable.
Fig. 5.24 shows the change in HMC density with increasing temperature differential. A 
significant increase in cracking can be observed, especially at the higher thermal shocks. In 
addition, the scatter in experimental data is larger at the higher temperature differentials, which 
reflects the randomness in the appearance and point of origin of long cracks in TI and/or T2.
Comparison between PMCs and HMCs in Fig. 5.25 reveals that the rate o f increase in density of 
PMCs is much higher than that of HMCs and, at high temperature differentials, the PMCs are the
major part of the total crack density. However, this graph fails to capture the big morphological 
differences between the two types of matrix cracking at AT>600°C.
131
Q u en ch in g  T em p e ra tu re  D ifference (°C)
F ig. 5.23. Crack density as a function of AT for PMCs for each set of longitudinal plies 
of (0°/90°)3s Nicalon/CAS laminate. Note that CDj 1>CDI^ >CDL3at all ATs.
Q u en ch in g  T em p era tu re  D ifference (°C)
F ig. 5.24. Crack density as a function of AT for HMCs on (0°/90°)3s Nicalon/CAS laminate.
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F ig . 5.25. Comparison between crack densities of PMCs, HMCs and their total at each AT. 
Relevant trends for each damage mode are also shown.
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5.3.2. The (9070°)3s Laminate
5.3.2.1. Critical Quenching Temperature Difference (ATC)
Initial damage due to thermal shock was detected on the surfaces of this laminate after quenching 
through temperature differentials higher than 400°C. Thus, ATc=400°C for this laminate.
5.3.2.2. Damage Modes due to Thermal Shock
5.3.2.2.I. Nomenclature
The description of thermal shock damage on this laminate is given with reference to the 
nomenclature of Fig. 5.26.
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(a) (b)
F ig . 5.26. (a) Schematic diagram defining the nomenclature used to describe damage 
due to thermal shock on a (90°/0°)3s laminate and (b) micrograph of the 
surface of a (90°/0°)3s laminate (its thickness is 2.2 mm).
5.3.2.2.2. General
Thermal shock damage on this laminate for the range of temperature differentials investigated 
(AT=0-800°C) was in the form of perpendicular and horizontal matrix cracks (PMCs and 
HMCs).
5.3.2.2.3. Horizontal Matrix Cracks
HMCs as a result of thermal shock were first visible on this laminate after quenching through 
ATc=400°C. They could be seen to propagate along the surface of the 90° plies. Although they 
generally ran horizontally, successive fibre-matrix interfaces deflected them continuously.
5.3.2.2.4. Perpendicular Matrix Cracks
PMCs were also detected after quenching through the critical temperature differential, i.e. at 
ATc=400°C. They appeared only in 0° plies. Their advance was at right angles to the longitudinal 
fibres, which remained unaffected since PMCs were deflected at fibre-matrix interfaces.
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5.3.2.3. Evolution of Thermal Shock Damage with Increasing Applied Quenching 
Temperature Differential (AT)
5.3.2.3.I. General
The evolution of cracking at temperature differentials between AT=400-800°C is shown in the 
sequence of RLM images of Fig. 5.27 (a)-(e).
135
(a) AT=400°C
w m m m m
(c) AT=600°C
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(d) AT=700°C
(e) AT=800°C
F ig. 5.27. Photomicrographs of quenched surfaces of (90o/0 °)3s Nicalon/CAS 
with superimposed crack pattern observed at each AT. The faces 
shown are 6 mm x 2.2 mm.
5.3.2.3.2. Description of Thermal Shock Damage Development
At the onset of fracture (ATc=400°C), damage was visible only in the central plies of this 
laminate. PMCs in LI did not bridge the ply thickness while HMCs in TI were associated 
mainly with open pores.
The application of temperature differentials up to AT=500°C did not change the morphology of 
both types of matrix cracks: they remained shallow surface features. However, PMCs were also
visible in L2 and L3 and the presence of HMCs extended to T2. At AT=500°C, HMCs of 
significant length could be seen originating either inside TI and T2 or from the ply edges 
running towards the centre of the specimen.
The length and depth of HMCs in TI became much larger at AT=600°C (Fig. 5.28). At this 
temperature differential, damage was detected in every ply of the laminate. PMCs could be seen 
bridging the thicknesses of their respective plies and some extended into adjacent transverse 
plies. The population of these cracks seemed higher the closer the longitudinal ply was located to 
the centreline (C-C’) of the polished surface. The same was true for the traverse plies.
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F ig. 5.28. HMC in TI at AT=600°C.
Application of even higher temperature differentials resulted in long, deep HMCs in TI and T2 
(with depth always being higher in TI), longer HMCs in T3, and multiplication of PMCs in all 
longitudinal plies. However, the depth of PMCs, even in L l, did not increase (Fig. 5.29). In 
addition, only short HMCs were visible in the outer T3 plies. PMCs were distributed uniformly 
between longitudinal plies with the same designation. By contrast, HMCs accumulated in the 
pairs of transverse plies in a more irregular fashion.
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F ig. 5.29. PMCs and HMC at high temperature differentials.
The differences in depth between HMCs in TI, T2, and T3 can be clearly seen at the SEM 
images of Fig. 5.30, which were taken after quenching through AT=800°C.
~90prn------------------------1 100pm ’
(b)
t l :
M i  <
50pm
(C)
Fig. 5.30. SEM images taken at an angle of HMC in (a) TI, (b) T2, and (c) T3 
at AT=800°C. The differences in depth can be clearly observed.
5.3.2.3.3. Quantification of Thermal Shock Damage Development
The accumulation of damage in the 0° plies o f this laminate at increasing thermal shocks can be 
seen in the graph of Fig. 5.31.
Significant increases in crack density are evident and at each temperature differential 
CDli>CDl2>CDl3. The rate of increase in cracking for LI looks to be higher than those of L2 
and L3. However, the scatter of the experimental results does not allow firm conclusions to be 
reached.
The accumulation of damage in the transverse plies of this laminate is shown in Fig. 5.32. The 
density of HMCs increases continuously at a high rate with the application of higher temperature 
differentials. It has to be noted that only the total crack density is plotted at each AT. Generally, 
it can be assumed that CDti>CDt2>CDt3 at each temperature differential. However, whether
CDti or CDT2 was higher was mostly a random result that depended on the point of origin of the 
respective HMCs. In general, HMCs emanating from ply edges ran longer lengths.
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F ig . 5.31. Crack density as a function of AT for PMCs for each set of longitudinal plies 
of (9070%  Nicalon/CAS laminate. Note that CDL1>CDL2>CDu at all ATs.
Q u e n c h in g  T e m p e ra tu re  D ifference  (°C)
F ig. 5.32. Crack density as a function of AT for HMCs on (90o/0°)3s Nicalon/CAS laminate.
A comparison between the crack densities of each type of damage at each AT can be seen in Fig. 
5.33. PMCs accumulate at a much higher rate than HMCs.
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Fig. 5.33. Comparison between crack densities of PMCs, HMCs and their total at each AT. 
Relevant trends for each damage mode are also shown.
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5.3.3. Sum m ary
Damage modes due to thermal shock and their accumulation with increasing shock severity in 
specimens of two laminate configurations of multi-layer cross-ply CMCs were described in 
detail in this section.
Matrix cracks of various orientations were identified as the main mode of damage. In 
longitudinal plies these cracks propagated at right angles to the surface fibre length whereas in 
transverse plies they ran along the length of the ply. As these matrix cracks were deflected upon
encountering fibre-matrix interfaces, no fibre breaks could be detected in any ply, even at the 
highest thermal shocks.
The critical quenching temperature difference was found to be higher for the (9070°)3S laminate. 
Damage in both laminates originated in the central, thick plies and, in the case of the (9070°)3S 
system, in those plies adjacent to them. The application of higher differentials saw damage being 
extended to the outer plies until, at intermediate shocks (AT=600°C), the surfaces o f all the plies 
were fractured. At even higher quenching temperature differences, damage became more 
extensive, especially in terms of PMCs in longitudinal plies. However, HMCs in transverse plies 
were observed, in addition to increasing in length, to penetrate deeper and deeper into the matrix.
The extent of thermal shock damage exhibited a gradient across the material surface: higher 
crack densities and deeper HMCs were located at or close to the centreline. On moving towards 
the outer plies the extent of the damage was reduced significantly.
In terms of number of cracks and their measured length as a function o f the surface area, damage 
in the form of PMCs was found to be much more extensive compared with that in the form of 
HMCs, especially at severe thermal shocks. However, whereas PMCs propagated only at the 
surface o f the laminate, HMCs could be seen to extend deeply into the matrix for AI>600°C, as 
was evident from their increased opening. Unfortunately, the depth they penetrated could not be 
determined with any accuracy experimentally. However, judging from the crack openings at the 
surface, the extent of their propagation on the surface (from edge to edge for some specimens at 
severe shocks), and the fact that in these configurations they cannot meet any ply interface in the 
depth direction, it can be concluded that their advance must be significant and possibly 
compromises the structural integrity of the laminate.
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A number of general observations can be made regarding the thermal shock behaviour of the 
laminates analysed in the previous sections.
The main mode of damage after thermal shock treatment in all laminates, irrespective of 
configuration, is the formation of cracks in the matrix. These cracks were deflected at fibre- 
matrix interfaces and, thus, did not cause any damage to the fibres, as is to be expected for 
optimally-designed fibre-reinforced CMCs. This is in accordance with reports of thermal shock 
damage in similar materials published in the literature (e.g. Kagawa e t  a l  1993, Blissett e t  a l  
1997 and 1998, Boccaccini e t  a l  1997 and 1998). However, matrix cracks in different plies 
advanced in different directions: at right angles to the exposed fibre length in longitudinal plies 
and along the length of the ply surface in transverse plies. This seems to be a general feature of 
this class o f CMCs. More specifically, Kagawa e t  a l  (1993), Blissett e t  a l  (1997), and 
Boccaccini e t  a l  (1997 and 1998) reported PMCs on the longitudinal faces of UD 
Nicalon/Pyrex™, Nicalon/CAS, and Nicalon/DURAN™ respectively. In addition, Blissett e t  a l  
(1998) presented evidence of PMCs in the longitudinal plies o f (02°/904°)s and (0790°)3S 
laminates. By contrast, cracks similar to the HMCs described in this chapter have been reported 
for the end faces of UD Nicalon/CAS (Blissett e t  a l  1997) and Nicalon/LAS II (Graham e t  a l  
2003), as well as for the transverse plies o f (027904°)s and (0790o)3s laminates (Blissett e t  a l  
1998). This provides evidence for the biaxiality o f the surface stresses developed as a result of 
thermal shock, as under uniaxial tensile testing only PMCs (as defined here) can be seen on the 
surfaces of UD or cross-ply CMCs (e.g. Pryce and Smith 1992 and 1994, Beyerle e t  a l  1992).
Fibre failures, such as those reported by Blissett e t  a l  (1997), were not detected in this 
investigation. As these authors associated the occurrence of such damage patterns with material
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5.4. DISCUSSION
degradation after high-temperature exposure, it can be concluded that their absence in this study 
resulted from the short times that the material samples were held at high temperature, which did 
not allow the formation o f any oxidation products on the material surfaces.
The results included in this chapter further validate the approach taken to explain and model 
cracks similar to HMCs on the end faces o f UD Nicalon/CAS in the second part of Chapter 3. It 
was found that cracking always originated at or near the centreline of the face and crack densities 
in the central plies were higher at all ATs compared with those of plies located towards the top 
and bottom edges. This shows that, due to the interaction o f temperature gradients and the 
resulting increase o f the stress reduction factor on moving from the top/bottom edges towards the 
centreline, the highest stress at each AT occurs always at the centreline and gradually reduces as 
the top and bottom edges are approached. This was true especially for PMCs in longitudinal 
plies. HMCs followed a more random pattern but plies towards the centreline always had longer 
and deeper cracks.
Sometimes HMCs could also be seen originating from the side edges, something not predicted 
by the approach presented in Chapter 3. However, that approach made the assumption that 
thermal shock was applied at each specimen face at the same time instance. Clearly, this is not 
true in water quench tests as the angle of impact with the water plays an important role. 
However, it can still be seen that interaction o f temperature gradients was always present at the 
top and lower part of the specimen face under investigation (no cracks emanated in any specimen 
from either the top or bottom edges). This possibly shows that, because of the larger area of the 
top and bottom specimen faces (6 mm x 6 mm here), the temperature gradients corresponding to 
them are the dominant feature, irrespective o f experimental details (i.e. angle of impact etc.). The
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gradients emanating from the edges of the side faces, which are much smaller (6 mm x 2.1 mm) 
or (6 mm x 0.65 mm here) seem to be more sensitive to these details.
The proposed effect of temperature gradient interaction is also evident in the thermal shock 
resistance o f the simple cross-ply laminates. These laminates exhibit critical temperature 
differentials ~100°C higher than those of their multi-layer counterparts. It must be noted that in 
the quenched samples the dimensions (half-thicknesses) in the depth and length directions of the 
surfaces in question were higher than the critical ones. However, the half-thickness of the top 
and bottom faces was significantly lower than the critical one. This resulted in the interaction of 
temperature gradients on the whole area o f the surfaces under investigation. Thus, the stress 
reduction factor on these surfaces never achieved its maximum value (even at the centreline) 
and, thus, these systems experienced lower stresses and showed higher resistance to thermal 
shock.
The lower thickness o f the simple cross-ply laminates, and the subsequent interaction of 
temperature gradient during thermal shock, seems also to affect the energy available for crack 
propagation. All matrix cracks in these systems, irrespective of them being PMCs or HMCs, are 
confined to the surfaces of these materials even when subjected to the highest temperature 
differential. By contrast, HMCs in the thicker multi-layer laminates became much deeper as the 
applied shock increased in severity.
The difference with which each type o f ply accommodates the energy available for crack 
propagation must be highlighted. The application of more severe shocks in longitudinal (0°) plies 
results in the rapid multiplication of surface cracks, which also seem to appear at regular 
intervals along the ply length. This is similar to the situation under tensile testing (e.g. Pryce and
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Smith 1992), and implies that stress transfer may take place during thermal shock between 
fibre/matrix and between different plies. This stress transfer mechanism results in the energy 
available for cracking in 0° plies to be consumed mainly in multiplying the number o f cracks; by 
contrast, in 90° plies, as no transfer takes place, the energy available results in the extension (in 
length and depth) o f a small number of cracks that appear at preferential sites. These cracks do 
not increase in number but become deeper and deeper at higher temperature differentials, 
something that would affect the integrity o f the material. From this aspect, transverse plies 
behave in a way similar to monolithic or particulate-reinforced ceramic materials under thermal 
shock loading. By contrast, longitudinal plies show true ‘composite’, and thus superior, 
behaviour under thermal shock conditions.
146
Damage due to thermal shock on a range of cross-ply Nicalon/CAS CMCs was characterised and 
quantified in detail in this chapter.
The damage modes were found to be essentially the same as those reported in the literature and 
modelled analytically in the previous chapter for UD CMCs of the same composition. In 
addition, their appearance and evolution for higher shocks seemed to be consistent with the 
theoretical concepts developed in the previous chapter to explain the location and extension of 
cracks on end faces of UD CMCs.
The critical temperature differentials for cross-ply CMCs were found to be similar with those of 
their UD counterparts, although small variations were observed due to different laminate 
configurations. The effect on ATC of quenching a sample that has at least one dimension smaller 
than the critical one was also highlighted.
Before proceeding into analytical predictions of the onset of thermal shock damage in these 
materials using the tools described in the previous chapter, experimental work was extended to 
CMC laminates with woven (plain weave) reinforcement architecture. The findings of this 
investigation are presented in the following chapter.
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5.5. CONCLUDING REMARKS
C h a p t e r  6 :
T h e r m a l  S h o c k  B e h a v i o u r  
o f  W o v e n  C M C s
The behaviour of PW woven Nicalon/CAS CMCs under conditions of thermal shock is 
examined in detail in this chapter. First, the thermal shock resistance of this material is 
determined and the various damage modes due to thermal shock are clearly identified. The way 
damage accumulates on the surfaces of material samples for shocks of increasing severity is 
described and quantified. The overall response of this laminate is subsequently compared and 
contrasted with those of UD and cross-ply laminates of the same constitution (i.e. Nicalon fibres, 
CAS matrix.).
In the second part of this chapter, the mechanical behaviour of the PW woven Nicalon/CAS 
laminate after thermal shock treatment is assessed. Stress-strain curves from both tensile and 
flexural (3-point bending) tests are presented and are compared with those o f the untreated 
material. Through the analysis o f these curves, the effect of thermal shock on the mechanical 
properties of the material at various quenching temperature differences is quantified. The 
changes in properties identified are then correlated with the damage modes described in the first 
part of this chapter. Finally, possible implications for the behaviour o f Nicalon/CAS laminates of 
other configurations under thermal shock are discussed.
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6.1. INTRODUCTION
6.2. D A M A G E  C H A R A C T E R IS A T IO N  O F T H E R M A L L Y -S H O C K E D  
PW  W O V E N  N IC A L O N /C A S
6.2.1 C ritica l Q u en ch in g  T em p eratu re D ifferen ce (ATC)
Damage due to thermal shock was detected using optical microscopy of samples of this material 
after quenching through temperature differentials higher than 400°C, i.e. ATc=400°C.
6.2 .2 . D am age M odes d u e to T h erm al S hock
6.2.2.1. Nomenclature
As can be seen from Fig. 6.1, the polished surface a PW woven Nicalon/CAS consists of three 
different areas: areas that contain longitudinal fibres, areas that contain transverse fibres, and 
zones with only matrix material present.
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Fig. 6.1. Reflected light micrograph of the surface of a PW woven Nicalon/CAS CMC.
If the undulating nature of all of the above areas is neglected, the woven material can be 
described as a laminate that contains three different, alternating types o f ‘ply’: 0° plies (i.e. plies 
with longitudinal fibres), 90° plies (i.e. plies with transverse fibres), and pure matrix plies. This 
nomenclature will be utilised for the description of the various damage modes and their 
accumulation in this material after thermal shock loading.
Two modes of damage were identified on the surfaces of specimens thermally shocked through 
AT>400°C, namely ‘matrix cracks’ and ‘fibre failures’. Matrix cracks can be further divided 
into horizontal matrix cracks (HMCs) and perpendicular matrix cracks (PMCs) if the orientation 
of the cracks relative to the horizontal direction (x-axis) is taken into account.
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6.2.2.2. General
6.2.2.3. Perpendicular Matrix Cracks
Perpendicular matrix cracks were the first form of thermal shock damage easily identifiable after 
quenching through AT=400°C. They ran mainly through pure matrix areas (plies) at right angles 
to the horizontal, and arrested when they encountered fibres in adjacent plies. These adjacent 
plies could be either two areas with longitudinal fibres (0° plies), or two areas with transverse 
fibres (90° plies) or one 0° ply and one 90° ply (Figures 6.2 (a)-(c)).
The same form of damage could also be observed in individual 0° plies. These cracks were short 
in length, and spanned the matrix between adjacent fibres (Figure 6.3).
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F ig. 6.2: Perpendicular matrix cracks on woven Nicalon/CAS running between 
(a) two CTplies (b) two 90° plies (c) one 0° ply and one 90° ply.
Fibre diameter is 15 [xm.
20 urn '
F ig . 6.3: Perpendicular matrix crack inside a 0° ply.
Consequently, it can be concluded that the critical temperature difference for the onset of 
damage in the 0° plies of a woven material is also AT=400°C. However, observation and 
quantification of perpendicular cracks in the 0° plies was unfortunately very difficult due to the 
apparent small width of the plies and the significant amount of unavoidable damage incurred by 
them during the specimen preparation stages.
HMCs were uniquely observed in the 90° plies. Although they seemed to appear randomly on the 
specimen surface, closer inspection revealed that most of them occurred in 90° plies towards the 
centreline of the face. They were bounded by either two 0° plies or by one 0° ply and one pure 
matrix ply (Figures 6.4 (a)-(b)). In addition, they were contained within the 90° plies, with a 
small number arresting when they encountered adjacent plies.
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6.2.2.4. Horizontal Matrix Cracks
Fig. 6.4. Horizontal matrix crack inside a 90° ply bounded by either
(a) two 0° plies, or (b) by one 0° ply and one pure matrix ply.
The critical quenching temperature difference for the onset of this damage mode could not be 
readily determined. HMCs first appeared on some specimens at AT=400°C. They were very 
short in length and they originated from either the edges of the specimen or pre-existing damage 
(e.g. voids) in the 90° plies. Such cracks were visible on all specimens only after quenching 
through AT=450°C. Consequently, the critical quenching temperature differential for the onset of 
horizontal matrix cracking in the woven Nicalon/CAS is taken to be in the range of AT=400- 
450°C.
A fibre failure occurred when a PMC was not deflected or arrested upon encountering a fibre- 
matrix interface but instead ran through it and continued across the length of the fibre (Figure 
6.5(a)-(b)). This phenomenon took place at high temperature differentials (AT=700-800°C) and 
only in samples that had been kept in the furnace for longer time intervals (15-20 mins). Close 
inspection of the material surface after testing revealed that the appearance of these cracks could 
be associated with oxidation processes that altered the microstructure after high temperature 
exposure.
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6.2.2.5. Fibre Failures
Fig. 6.5 : Fibre fracture due to the propagation of a perpendicular matrix crack at 
(a) AT=700°C and (b) AT^BOCTC on the surface of samples soaked for 
longer times. Oxidation of the fibre-matrix interface is evident.
6.2 .3 . E vo lu tion  o f  T h erm al S h ock  D am age w ith  In creasin g  A p p lied  Q uench in g  
T em p eratu re D ifferentia l (AT)
6 .2 .3 .1 . General
The accumulation of damage with increasing applied AT on samples of this material can be seen 
in the sequence of Fig. 6.6(a)-(e), where the crack patterns observed under the microscope have 
been added manually to RLM images of the respective material surfaces.
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(a) AT=400°C
(b) AT=450°C
(c) AT=500°C
(c) AT=600°C
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(e) AT=800°C
Fig. 6.6(a)-(e) Photomicrographs of quenched surfaces of PW woven Nicalon/CAS 
with superimposed crack pattern observed at each AT. The faces 
shown are 8 mm x 4 mm.
6.2.3.2. D escription o f  Therm al S h o ck  D am age D evelopm ent
Perpendicular cracks appeared at ATc=400°C in matrix-rich areas as described above. At this 
temperature differential the cracks were short and spanned pure matrix plies of small thickness. 
They were located in plies towards the centreline of the polished surface.
With increasing AT, matrix cracks could be seen running through pure matrix plies of larger 
thickness. At AT=600°C, some PMCs that originated in pure matrix plies ran through 0° plies 
and continued into the adjacent pure matrix plies before arresting at the next fibre-containing ply 
(Fig. 6.7).
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F ig. 6.7: Perpendicular matrix crack F ig . 6.8: Perpendicular matrix crack penetrating
transversing 0° ply at AT=600°C. into 90° ply and arresting after
encountering 3-4 fibres.
Some penetration into 90° plies was also observable at AT=600°C, but was found to be very 
small in extent, i.e. the cracks stopped propagating after encountering two or three transverse 
fibres (Fig. 6.8).
At AT>600°C, PMCs could be seen to be evenly spread throughout the surface of the laminate. 
The depth these cracks penetrated into the matrix and their opening showed only a very small 
increase with increasing severity of the thermal shock treatment. Thus, in general they remained 
shallow and narrow surface features at all ATs. Some deeper cracks observed even at the lower 
temperature differentials were found to be pre-existing cracks that had grown due to the applied 
thermal shocks.
Fully formed horizontal matrix cracks appeared in the 90° plies at AT>450°C. These cracks had 
a number of characteristics when they occurred at temperature differentials AT<500°C. First, 
they rarely ran the full length of the 90° ply. Secondly, they never crossed into adjacent plies, i.e. 
they always arrested inside the 90° ply or when they encountered adjacent plies. In addition, their 
depth remained small.
At AT>600°C, horizontal cracks became deeper and more widespread (Fig. 6.9(a)-(c)), but they 
were still contained inside 90° plies.
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(a)
Fig. 6.9. Image of HMC at (a) AT=600°C (SEM), (b) AT=700°C (RLM), and (c) AT=800°C (RLM).
HMCs could be seen crossing into other plies at the higher differentials investigated (AT=700- 
800°C) to the extent that in some specimens quenched at AT=800°C individual HMCs along the 
centre of the surface connected to form a major, deep crack that traversed the face from edge to 
edge (Fig. 6.10). This effect was more pronounced in specimens that had been kept for longer 
times in the furnace.
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F ig . 6.10. Cracking along the centreline of the quenched surface at AT—800°C
It must be noted that most HMCs appeared towards the centre o f the face at all temperature 
differentials. In addition, those located at or very close to the centre exhibited greater depths and 
were longer. Some could be seen originating from the side edges o f the surface.
6 .2.3.3. Q uan tification  o f  Therm al S h o ck  D am ag e D eve lo p m e n t
The accumulation of damage on woven Nicalon/CAS specimens with increasing severity of
thermal shock treatment is shown in Fig. 6.11.
Both PMC and HMC densities increase continuously up to the highest temperature differential. 
The density o f PMCs is always higher than that of HMCs, with the difference between the two 
getting larger with increasing AT. However, the graph of Fig. 6.12 gives a different picture as far 
as PMCs are concerned.
Here, the numbers of cracks measured on surfaces of the same dimensions at different 
temperature differentials are shown. These surfaces had been subjected to longer soaking times, 
which caused microstructural changes (oxidation). It can be seen that the rate of increase of
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PMCs slows down for AT=600-700°C and actually their number reduces in the interval AT=700- 
800°C.
Q u e n c h in g  T e m p e ra tu re  D iffe re n c e  (°C)
Fig. 6.11. Crack density as a function of A l’ for PMCs 
and HMCs on PW woven Nicalon/CAS.
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Fig. 6.12. Comparison of number of cracks as a function of AT on quenched 
surfaces of equal size for samples soaked for longer times.
The m ain dam age m ode due to thermal shock in this material w as the sam e as that for the range 
o f  cross-p ly  system s described in the previous chapter, i.e. matrix cracking. Sim ilarly, PM C s 
w ere observed in areas o f  longitudinal p lies and H M C s in areas w ith  transverse fibres. The so- 
called  pure matrix p lies seem  to com prise an independent constituent o f  this lam inate as they  
developed  dam age in the form  o f  PM C s irrespective o f  the type o f  the p lies adjacent to them . 
The w ay  different types o f  ‘p ly ’ accom m odate the energy available for cracking can be 
explained by em ploying the stress transfer m echanism  described in section  5.4.
The appearance o f  fibre dam age at h igh  temperature differentials on  the surfaces o f  specim ens 
soaked for longer tim es in  the furnace is consistent w ith  the observations o f  B lissett et al (1 997) 
for U D  N icalon /C A S. In both cases, it can be associated  w ith  degradation o f  the carbonaceous 
fibre-m atrix interface due to oxidation  processes that a llow s penetration by an advancing crack  
and the subsequent fracture o f  the fibre. In addition, the apparent reduction in PM C density at the 
highest temperature differential observed for these sam ples is  a lso consistent w ith  that reported 
by the sam e authors for ox id ised  U D  N icalon /C A S  CM Cs.
The PW  w oven  N icalon /C A S lam inate exhibited thermal shock resistance sim ilar to the m ulti­
layer cross-p ly  lam inates. This w as expected  since it had com parable total th ickness and p ly  
constitution. The sm all d ifferences observed in the value o f  the critical temperature differential 
should be assigned to sm all microstructural variations due to the reduced individual p ly  thickness 
and the ex istence o f  m atrix-rich areas.
The m odelling approach used  to exp lain  cracking m orphologies on  the end faces o f  U D  and on  a 
num ber o f  cross-ply N ica lon /C A S  lam inates seem s to hold for this laminate as w ell. D am age
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6.2.4. Discussion
originates at or close to the centreline o f the surface under observation and extends, at higher 
quenching temperature differences, towards the top and bottom edges. However, matrix cracks in 
this laminate, especially PMCs, appeared to be more evenly distributed on the surface even at or 
close to the ATC. This may be the result o f the undulating nature o f the various ‘plies’ that 
compose this system, which probably distribute the applied thermal shock-induced stresses over 
a larger surface area. The initiation o f some HMCs from the side edges o f the surface under 
investigation can be explained along the same lines used to justify the appearance o f similar 
cracks in cross-ply laminates in the previous chapter.
Although the morphology o f PMCs and HMCs exhibited similar trends with those observed for 
their multi-layered cross-ply counterparts (i.e. PMCs increased significantly in number but not in 
depth, HMCs penetrated increasingly into the matrix) with the application o f more severe 
shocks, there are reasons to believe that the woven configuration shows better behaviour under 
conditions o f thermal shock. First, comparisons o f PMC and HMC densities o f each simple and 
multi-layer cross-ply laminate and the woven material at each AT are presented in Fig. 6.13 and 
Fig. 6.14, respectively.
Careful observation o f the above graphs reveals that, at least as far as crack length on the 
quenched surface is concerned, the woven material exhibits much lower crack densities for both 
PMCs and HMCs than its multi-layered cross-ply counterparts. Actually, the densities are 
comparable with those o f the simple cross-ply laminates. This, apart from the different ply 
configuration of the woven CMC, can be assigned to the undulating nature o f the different areas 
within it. PMCs are distributed over a larger area o f the surface (as mentioned previously) while 
HMCs were observed to arrest when they encountered areas o f different architecture. Since the 
length o f the transverse plies in woven Nicalon/CAS is nominally much smaller than that in the
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simple and multi-layer cross-ply materials, the average length to which HMCs can propagate is 
restricted. Only at the highest temperature differential (AT=700-800°C), and in a small number 
of samples, were HMCs seen to extend into other plies.
The presence of other areas on the path of HMCs that can act as ‘crack-stoppers’ leads to the 
postulate that a similar effect may be taking place in the depth direction as well. Thus, the extent 
HMCs propagate through the matrix of the woven material should be reduced compared with the 
multi-layer cross-ply laminates.
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Figs. 6.13. Comparison of PMC density at various ATs for a range of Nicalon/CAS laminates.
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6.14. Comparison of HMC density at various ATs for a range of Nicalon/CAS laminates.
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It is of great interest to explore what effect damage due to thermal shock has on the structural 
integrity of the PW woven Nicalon/CAS. This is the theme of the section that follows.
6.3. MECHANICAL TESTING OF THERMALLY-SHOCKED 
PW WOVEN NICALON/CAS
6.3.1. Introduction
An assessment of the mechanical properties of samples of PW woven Nicalon/CAS after they 
had been subjected to thermal shock treatment is presented in this section. Both tensile and 
flexural tests were conducted, the experimental details of which were provided in Chapter 4. The 
effect of thermal shock is documented for Young’s modulus and proportional limit stress (PLS) 
in the case of tensile tests, and for Young’s modulus, PLS and flexural strength in the case of 
bending tests.
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6.3.2. Tensile Testing
The stress-strain curves of thermally-shocked specimens obtained from tensile tests are presented 
and compared with that o f the untreated material in the graph of Fig. 6.15. The curve of the 
unshocked sample was found to be similar to that obtained by Ironside (1996), who conducted 
tensile tests on the same material but utilised much longer specimen dimensions.
For AT<500°C, the resulting stress-strain curves were identical with that of the unshocked 
material. They exhibited an initial linear region, which was followed by non-linear behaviour 
and a final quasi-linear part of reduced gradient up to material failure.
After increasing the severity of the applied shock to temperature differentials higher than 
AT=500°C, the stress-strain curves maintained similar characteristics, i.e. the linear/non-
linear/linear pattern. However, a significant drop in the properties of the thermally-treated 
material can be observed.
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S tra in  (% )
Fig. 6.15. Tensile stress-strain curves for unquenched and quenched PW woven Nicalon/CAS. 
(RT: room-temperature treatment, i.e. unquenched).
This degradation effect is more evident in the graphs of Figs. 6.16 and 6.17, where changes in 
the values of Young’ modulus (E) and PLS with increasing applied AT are presented.
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Fig. 6.16. Effect of increasing severity of applied thermal shock 
on the tensile Young’s modulus of PW Nicalon/CAS.
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PW SiC/CAS 
Post-shock Young's Modulus 
(Tensile Test)
Fig. 6.17. Effect of increasing severity of applied thermal shock on the tensile 
proportional limit stress of PW Nicalon/CAS.
Although the small number of specimens used to obtain these properties means that the above 
results should be approached very carefully, it is evident that both E and PLS exhibit a gradual 
reduction for AT>600°C, the rate of which seems to decrease for the range AT=700-800°C.
The fracture surfaces of specimens quenched through AT=600, 700, and 800°C are compared 
with those of an untreated sample in Fig. 6.18(a)-(d). No change in failure mode can be seen; in 
all cases material failure coincided with the fracture of fibre bundles under tension, which was 
accompanied by extensive pull-out of the reinforcing fibres from the matrix.
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(d) AT=800°C
Fig. 6.18(a)-(d) The fracture surfaces of unquenched and quenched PW Nicalon/CAS 
after tensile failure. Test samples had a thickness of 2.2 mm.
The stress-strain curves of thermally-shocked samples obtained from flexure tests are plotted in 
the graph of Fig. 6.19. In the same graph, the respective curve of the untreated material is also 
shown to facilitate comparison of behaviour under bending before and after thermal treatment.
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6.3.3. Flexural Testing
F lexural Strain (% )
Fig. 6.19. Flexural stress-strain curves for unquenched and quenched PW woven Nicalon/CAS.
All curves presented in the above graph exhibit similar characteristics: an initial linear part of 
large gradient followed by non-linearity before and after reaching the maximum stress point. 
However, for samples shocked through temperature differentials higher than 600°C, a gradual 
reduction in properties is evident. This is better visualised in the graphs of Figs. 6.20, 6.21, and 
6.22, where the change in Young’s modulus, PLS, and flexural strength with increasing 
temperature differential can be seen, respectively.
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Fig. 6.20. Effect of increasing severity of applied thermal shock on 
the flexural Young’s modulus of PW Nicalon/CAS.
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PW SiC/CAS 
Post-shock Young's Modulus 
(Flexure Test)
Fig. 6.21. Effect of increasing severity of applied thermal shock on 
the flexural proportional limit stress of PW Nicalon/CAS.
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F ig . 6.22. Effect of increasing severity of applied thermal shock on the flexural strength of PW
Nicalon/CAS
A gradual reduction in all properties for increasing quenching temperature difference is evident.
The onset of this reduction is mainly at AT=600°C.
The fracture surfaces of specimens quenched through AT=600, 700, and 800°C are shown in the 
sequence Fig. 6.23(b)-(d), together with the image of the fracture surface of an untreated sample 
(Fig. 6.23(a)). No change in fracture mode can be detected; failure occurs in all samples by
fracture across the fibre planes and extensive fibre pull-out.
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(a) AT=0°C (b) AT=600°C
(c) AT=700°C
(d) AT=800°C
Fig. 6.23(a)-(d) The fracture surfaces of unquenched and quenched PW Nicalon/CAS 
after flexural failure. Test samples had a thickness of 2.2 mm.
The mechanical behaviour under tension and flexure of samples of PW woven Nicalon/CAS 
subjected to thermal shock was assessed in this section. Two important points should be made.
First, the trends obtained in the change of mechanical properties with increasing AT from tensile 
and flexural tests were identical. In both cases, the material seemed not to be affected by the 
application of shocks up to AT=500°C. Application of higher temperature differentials resulted 
in a gradual reduction of all properties monitored.
Second, the material exhibited true ‘composite’ behaviour irrespective of testing method utilised 
and severity of thermal treatment. This is evident in the non-linearity o f the stress-strain curves 
obtained, which are a characteristic of this class of materials, and the extensive pull-out of the 
fibres from the matrix observed on the fracture surfaces of failed samples. In addition, the failure 
modes of thermally-treated and untreated samples were identical.
This shows that damage due to thermal shock alone does not alter the general behaviour of this 
material; it only affects its mechanical properties. By contrast, several authors have reported 
changes in failure mode under flexure after thermal shock treatment (e.g. Wang e t  a l  1996). This 
discrepancy may be attributed to a number of reasons. First, there may be differences in 
interlaminar shear strength between the materials that renders some more susceptible to thermal 
shock damage and results in a change of failure mode. Second, extra care was taken in this 
investigation to separate thermal shock effects from oxidation-related material degradation. As a 
result, the samples tested did not exhibit any visible chemical degradation even after high- 
temperature exposure. Degradation of the fibre-matrix interface in this class of materials is 
usually correlated with changes in failure mode as the material becomes more brittle. Finally, the
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6.3.4. Discussion
observed discrepancy may be evidence of the superior behaviour o f the material with a PW 
woven architecture compared with UD, cross-ply, and woven materials o f other types o f weave. 
It was seen in the previous section that the PW woven CMCs accumulate damage at a lower rate 
and, as they employ more crack-stopping mechanisms, limit its extent.
However, it is interesting to correlate the reduction in properties observed in the PW woven 
material for increasing temperature differential with the damage modes due to thermal shock that 
were described in the previous section. This is the theme of the following section.
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6.4. CORRELATION OF CHANGES IN MECHANICAL PROPERTIES DUE TO 
THERMAL SHOCK WITH OBSERVED THERMAL SHOCK DAMAGE
In the first section of this chapter it was shown that thermal shock damage on this material 
consisted of matrix cracks, characterised as PMCs and HMCs with respect to their direction of 
advance, and fibre failures, which were associated with degradation of the fibre-matrix interface 
due to the reactivity of the material with the environment. As all samples used in mechanical 
tests were held at high temperature for short periods of time, no degradation was evident on their 
surfaces. Thus, none of the changes in mechanical properties reported previously can be assigned 
to damage sustained by the fibres during thermal shock treatment.
This leaves two crack morphologies that may affect mechanical properties: PMCs in pure matrix 
and longitudinal ‘plies’ and HMCs in transverse plies. The first observation that can be made is 
that the critical temperature differential for the onset of either type of matrix cracking does not 
coincide with the respective temperature differential for which property degradation begins. 
More specifically, damage appears for AT=400-450°C while property degradation commences at 
AT=600°C. This is a well-documented feature of this class of materials as it has also been 
reported by a number of other authors (Wang e t  a l  1996, Boccaccini e t  a l  1997 and 1998). It 
can be put into context in two different ways: either it reinforces the evidence of superior 
performance of fibre-reinforced CMCs under conditions of thermal shock compared with 
monolithic and particulate-reinforced ceramics, since not only do these materials exhibit no 
abrupt decrease in properties but also they can sustain some damage without any effect on their 
properties; or it reveals the limitations of mechanical testing as a technique that can detect 
damage due to thermal shock. The latter has been highlighted in the work of the abovementioned
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authors who used a mechanical resonance technique that was able to detect property degradation 
o f thermally-shocked specimens at the temperature differential at which matrix damage first 
appeared. It seems logical that since some damage has been incurred it would have an effect on 
properties. However on the other hand, damage detected at low temperature differentials, 
whether PMCs or HMCs, was in the form of very shallow, hair-like cracks barely visible under 
the optical microscope that should not affect the integrity o f the material more than any form of 
surface flaw induced in the specimen preparation stages.
This idea is reinforced by the observation that the onset o f material degradation begins at the 
same temperature differential that HMCs in transverse plies start to penetrate deeply into the 
matrix. By contrast, PMCs remain surface features throughout the range o f quenching 
temperature differentials employed in this study. However, at the same time as HMCs deepened, 
PMCs started to extend into adjacent plies. In order to be able to tell what effect each damage 
mode had on the material properties, additional thermal shock experiments were devised and 
conducted.
More specifically, polished samples of PW woven Nicalon/CAS suitable for flexural testing 
were quenched through AT=700°C. After the samples had been dried and before testing, they 
were polished lightly using diamond paste until all the PMCs that had appeared in the pure 
matrix and longitudinal plies could not be detected using optical microscopy. HMCs were not 
affected by this procedure and were still visible inside the transverse plies. Subsequently, the 
specimens were tested in flexure. The stress-strain curve obtained is presented in Fig. 6.24, 
where it is plotted together with that obtained for specimens quenched through the same 
temperature differential but containing both HMCs and PMCs.
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6.24. Flexural stress-strain curves of PW Nicalon/CAS that contained 
either both PMCs and HMCs or only HMCs.
The curves of Fig. 6.24 reveal that specimens without PMCs exhibit the same Young’s modulus 
and a slightly higher PLS. This leads to the conclusion that HMCs that penetrate deeply into the 
matrix are responsible for the reduction in the stiffness of the material. By contrast, PMCs that 
increase in length seem to be mainly responsible for the documented reduction in PLS. However, 
as the onset of reduction in PLS coincides with the increase in depth of HMCs, it cannot be ruled 
out that HMCs may also play some part in the observed reduction.
From the results presented in this section it is not clear why a reduction is observed in the 
strength of this material at high temperature differentials. Strength degradation is usually 
associated with damage to the reinforcing fibres. However, no fibre failure could be detected 
after thermal shock treatment in this study. Three reasons can be put forward in trying to explain
this phenomenon. First, the inherent strength of the fibres may be affected by high-temperature 
exposure. Second, the large densities o f cracking phenomena sustained by the samples at high 
differentials may affect the general integrity o f the material and this is evidenced as a reduction 
in strength. However, a more convincing explanation may be found in the differences the values 
of strength showed even for specimens quenched through the same temperature differential. As 
only a very small number of specimens was available for mechanical testing, the perceived 
reduction in strength may simply be a result of experimental scatter in the measured strength 
values, which is quite normal for ceramic materials.
6.5. CONCLUDING REMARKS
The thermal shock behaviour of PW Nicalon/CAS was extensively studied in this chapter. The 
main damage modes were found to be similar to those observed in cross-ply CMCs with the 
same constituents. However, the extent o f damage on the woven material was lower at the same 
temperature differentials.
Mechanical testing of thermally-shocked specimens revealed a gradual reduction in properties. 
However, the onset of this reduction was found to be at a higher AT than the onset of damage on 
material surfaces. It was shown that it coincided with significant changes in the morphology of 
one mode of damage, namely matrix cracking in the transverse plies.
As information about thermal shock damage has now been collected on a wide range of CMC 
laminates, an attempt should follow to describe the onset of this damage analytically. This can be 
performed by extending the theoretical concepts developed for the UD material in Chapter 3 to 
the case of 2-D CMCs. This is the theme o f the following chapter.
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C h a p t e r  7:
T h e  O n s e t  o f  T h e r m a l  S h o c k  
F r a c t u r e  i n  2 - D  C M C s
The analytical expressions developed in Chapter 3 to predict the onset o f thermal shock damage 
on surfaces of UD CMCs are applied in this chapter to predict the appearance of the cracking 
phenomena on the surface of CMCs reinforced with 2-D fibre architecture.
Although the basic model principles are the same, the analysis has to account for the variation in 
composition and dimensions among the different CMC laminates. The critical conditions are 
modified and the thermally-induced stresses are re-defined.
It must be noted that the type of critical condition that applies to each CMC to describe the onset 
of thermal shock fracture depends on the arrangement of its plies. By talcing into account the 
experimental findings o f the previous two chapters, it can be said that the criterion for 
perpendicular matrix cracking is applicable to the case of CMCs whose central plies are 
longitudinal ones. By contrast, the fracture mechanics-based criterion for fracture of the end face 
of a UD CMC is better suited for the CMC laminates with transverse central plies.
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7.1. INTRODUCTION
7.2. THE CRITICAL CONDITIONS FOR CRACKING DUE TO THERMAL SHOCK
7.2.1. Longitudinal (0°) Plies
Cracking due to thermal shock in the longitudinal plies of 2-D CMCs commences when the 
applied thermal stresses become equal to the matrix strength. This can be written analytically as:
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In [7.1], is the axial applied thermal shock stress, c r 1^  describes the axial residual thermal 
stress at the ply level due to differences in CTE between fibre and matrix, while is the axial 
residual thermal stress at the laminate level due to CTE differences between the different plies 
that constitute the composite. Finally, < jmu is the matrix fracture stress.
Equation [7.1] describes the onset of fracture in 2-D laminates whose central ply is longitudinal. 
This covers (9070°)s and (9070°)3S cross-ply CMCs, as well as the longitudinal plies of woven 
laminates located towards the centreline of the quenched surface.
7.2.2. Transverse (90°) Plies
As it was shown in Chapter 3, a fracture mechanics-based criterion is applicable to the onset of 
thermal shock damage in composite surfaces containing transverse plies. Thus, damage appears 
when the applied thermal shock-induced stress intensity factor becomes equal to the relevant 
fracture toughness, i.e. when:
Kf = K /C [7.2]
This criterion can be used to predict the onset of thermal shock damage in (0°/90°)s and (0V90°)3S 
cross-ply CMCs, as well as in the transverse ‘plies’ of woven laminates located towards the 
centreline of the surface under investigation.
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7.3. THE APPLIED STRESS FIELD
7.3.1. The Thermal Shock-Induced Stress
7.3.1.1. Cross-ply CMCs
Analysis of the stresses due to thermal shock in a cross-ply CMC is performed, as in Chapter 3, 
using maximum values of stress that occur at the surface. We consider the surface of a 
rectangular plate of cross-ply CMC initially at temperature Tj (Fig. 7.1). The composite has 
thickness t , and consists of longitudinal plies of total thickness to  and transverse plies of total 
thickness tgo. Each ply comprises a matrix of volume fraction Vm with properties Ew, am, vm, 
which contains fibres of volume fraction P/with properties E/, a/, v/.
F ig. 7.1. A cross-ply composite subjected to thermal shock. 
Thermal shock-induced stresses are also shown.
If the material is rapidly cooled from Ti to T0 and perfect heat transfer between the plate and the 
cooling medium is assumed, the surface immediate adopts the temperature Tc while the other 
parts o f the plate remain at Tj. This case corresponds to having a plate that can freely expand in 
the z-direction (i.e. perpendicular to the plane of Fig. 7.1), with suppressed expansion in the x- 
and y-directions.
In the absence of displacement restrictions, the longitudinal and the transverse plies would 
expand along the x-direction and the y-direction by thermal strains of:
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< o = a , ( X , - T , )
S x,90 ~  a T  (T0 Tj)
[7.3]
[7.4]
6  th =y
f t  \  fro
J
a r C r .-T 1) + f ^ ' | a r C T .-T 1)
'c t  J
[7.5]
The subscript ‘O’ denotes longitudinal ply whereas the subscript ‘90’ denotes transverse ply. The 
CTEs in each ply along and at right angles to the fibres, a L and a r , are given by [3.6] and [3.7] 
respectively. Since thermal expansion in both directions is completely suppressed, elastic strains 
are created that compensate the thermal strains, i.e.
< o + < o = 0  [7.6]
< 90+<90=0 [7.7]
< + < = 0  [7.8]
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From equations [7.3]-[7.8] we have:
< 0  = - < o  = ~ a L (Eo -T ,)  = ^ ( T ,  - T 0) = a ,A T  [7.9]
< %  = - < 9 0  = -M T < , -T ,)  = a I.(T1 -T „ ) = «.,AT [7.10]
«/ _  th _  _
y y « r(T „ -T ,)
90
?
f t  k  f t  'a r (T0 -T Q  =  -A U  AT+ —  a 7.AT [7.11]
V t ) \  t )
The elastic strains cause ‘thermal stresses’ along the principal axes of the material and can be 
written as:
_ < ? Z
’X,0 E , E,.
[7.12]
_ T S  , ,  TS 
e/ x,90 V r r ( J y
S x,90 = E r Er
[7.13]
TS \
v m <Jx f i
Er E L )
r t  ^  l o
V t  J
(  — TS V r r CTJT  x ,90
E-. E,
90
t
[7.14]
where v LT, v TL and v r r  are the relevant Poisson’s ratios. It can be assumed that v L T  ~  v12, given 
by [3.8], and v w  =  v m. In addition, v TL can be approximated by [3.17] using simple rule o f 
mixture estimates of the axial and transverse moduli of the laminate.
By substituting [7.12], [7.13] and [7.14] in [7.9], [7.10] and [7.11] and solving for the induced 
thermal shock stresses we get:
o f 0 = A & >0AT [7.15]
< 9 o = A & ,90AT [7.16]
o f = A g ,A T  [7.17]
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w here:
Q  _ £  a  | V TL E /. fro ( a T +  V L'VCCL ) + Upa T 0  + V TT )] [7 181^^X.O L L . \ . 9 \ L * Jt 0 (1 — V-n  V LT ) + /90 (1 — V yj- )
Qx,  90 — E T a r  +
y itE t [t0 (cxT +  y  LToi L ) +  t^ c i j  (1 +  V jy )] 
t 0 (1 — v Tly  Lr) +  /90 (1 — v i r )
[7.19]
Q  _  E y [/0 (bcT +  V LTCCL ) + tgp&p (1 + Y r r  )] ^qj
tQ (1 — VTl VLT ) +  tgQ (1 — Vjj. )
The stress reduction factor, A, has also been included in [7.15], [7.16] and [7.17].
7 .3 .1.2 . W oven  C M C s
The woven CMC is modelled as a composite of thickness t that consists of longitudinal ‘plies’ of 
total thickness to, transverse ‘plies’ of total thickness tgo, and matrix ‘plies’ of total thickness tm 
(Fig. 7.2). The subscript ‘m’ denotes matrix ply.
F ig . 7.2. A woven CMC subjected to thermal shock.
Thermal shock-induced stresses are also shown.
Assuming the same initial conditions and thermal treatment as in the case o f cross-ply CMCs we 
have that:
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e y  =  0  [7.22]
o - Z = < 9 0 = o - Z = ^ S [7-23]
* z = 0  [7.24]
£x,0 ~ £x,90 ~ £x,m ~ 0 [7.21]
The resulting equations have the following form:
s el =x,0
<J TSx,0 <J
'IS
£ d  =  x,90
x,m
E t 71 Ey.
x,90 <
E , . X l T  E r
c r 7x sx jn -  v ... -
- a T AT = 0
E. E.
or. AT = 0
[7.25]
[7.26]
[7.27]
£ el =  b y
+
LT
IS (  ~ r s TS \
<Lc,0 -« rr AT
)
* L  +  
t
y <^ ,90 1 / / —  a T AT
)
9^0
E L [ b , 7T E r t
f  'IS
a y <7
TS
E.
a  A T
t
^  = 0
[7.28]
Solution of this system of equations provides the thermal shock-induced stresses in each ply, 
after the inclusion of the stress reduction factor, as:
< 0  =A&_0AT
<^ .90 = A Q x ,9 ( )E T
< 1  = A fi^A T  
e r f  = A Q  A T
[7.29]
[7.30]
[7.31]
[7.32]
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where:
Q x ,0 —  E L a L  d
+7?.E ,„E Z .h< +  + f a f a  ) + *«>«;■ (1 + +17-) + (1 + +,„ )] r7 33.
]/wRr (] —+/«)■*" ^90^  ^(] ~+2T ) " + ( ] " +L7'+7Y.)
+ « E , ,E r [<o (F t +  f a r g t )  +  *90«r £  +  + t t  )  +  U  +  + „ ,)]  r?  3 5 ]
t r n ^ T  0  — V m )  ^ 9 q E m (1  — f y /  )  +  0  “  V L T V TL )
EfflEj. |V0 (otT + vLTa L ) + t90ccT (1 + vrT) + tmccm (1 + vm )]
It can be noted that when t m =  0, [7.33]-[7.36] reduce to [7.18]-[7.20].
7.3.2. The Residual Stress Field
7.3 .2 .1. C ro ss-P ly  C M C s
In order to calculate residual stresses in each ply due to CTE differences between different plies 
we assume that after the material has been cooled from its processing temperature the thermal 
strains generated remain compatible, i.e. that:
In addition, any residual stresses in the y-direction are neglected, i.e. ( j ES -  0 . The strains in the 
longitudinal and transverse plies along the x-direction can re written as:
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RS
s  =  ——  -  a,r ATf  
El
r s
0  X,90  A r ps  = —   a T ATf
E t
where again AT,- =  T -  Tmax. In addition:
_ i t s , , — RS + _ n  
° V < >  +  x,90 90 ~  °
Solution o f  these equations g ives the residual stresses at the laminate level as:
fjRS - @  AT 
u  x,0  j c , 0  F
(T1® -(F) ATu x,90 jc,90 F
where:
9^0ETEhipt'T ~ ® l)©  =x,0 tgoET +?0El
@  — t0BTEL (aT aL)
?90E 7. + ?0E l
7 .3 .2 .2 .  W o v e n  C M C s
Follow ing the sam e procedure for the three-part m odel o f  a w oven  CM C w e get:
[7.38]
[7.39]
[7.40]
[7.41]
[7.42]
[7.43]
[7.44]
rrRS = ©  AT
U  x,0 V>jc,0Z A 1 F [7.45]
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< , = © „ A T f [7.47]
where:
= Uam - g o  _ E _
’ / F 4- / F 4-/F
t m t L m  +  * 9 0  r  +  ‘ O ^ L
< ? o=®,,9oATf [7.46]
O  —*^,90 9^0Ey7 (<2®, CCjf) + /qE.E, (&®n Cty)C,E, + /^ Ey, +
©  =jc,»r *9oErB, (orw -  Qfr) + tQBLEm (am -  a L ) L;E,„ + ^90 E + /0EL [7.50]
It must be noted that the thermal residual stresses inside each longitudinal p ly due to CTE  
difference betw een fibre and matrix are still assum ed to be given  by [3.26] and [3.37].
7.4. APPLICATION OF THE CRITICAL CONDITIONS
7.4.1. Longitudinal Plies
The critical condition [7.1] for the longitudinal p lies o f  a 2-D  laminate becom es through [7.15] 
or [7.29] (depending on whether the laminate is cross-ply or w oven), [7.41] or [7 .45], [3.26] (for 
© i= © L), and [3.28]:
N E mQx0ATc E ©  0ATf 1  + 0 LATy;. + ---- ’--- 6rTmE wE j V f  
~ ~ E ~ r V ~
i2
[7.51]
The parameter (E ,„ /E l ) has been inserted follow ing [3.22], as w e are interested in matrix 
stresses. The approach taken to obtain ATC is a sim plified  graphical one since it has already been  
established in Chapter 3 that A  = 0 .5 5 . Thus, the change in interfacial shear stress, x, as a 
function o f  AT is plotted for this value o f  A  using [7.51] and a Coulom b-type formula, similar to 
[3.41], that can be written in this case, through [3 .37], as:
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T = —JLl (© j. ATf ) +  ( — +  (a 0 j, AT) [7.52]
where ® T=© 2. The value o f  p  can be found w ith  the same method em ployed in Chapter 3, i.e. by 
applying [7.52] at room-temperature and using experim entally-determined values o f  x.
Solution o f  [7.51] for x gives:
T =
y6TmEniEfVf j
\ r
A&,0AT+
L  J
® L +
p o
in  x , 0
V E
ATr [7.53]
The onset o f  thermal shock fracture occurs at the value o f  AT where the tw o equations describing  
x meet.
7.4.2. Transverse Plies
The required fracture toughness in the case o f  the transverse p lies o f  2 -D  CM Cs is again given  
by either [3.64] or [3.65]. In addition, the shock-induced stress intensity factor can be written  
fo llow ing the approach outlined in  paragraph 3 .3 .2 .2 .2 , through [7.17] or [7.32], as:
192
K™ = erf = AQyATa/^ = A T / t f J [7.54]
Thus, the critical condition [7.2] for the onset o f  thermal shock fracture is:
K ,c =  A Q yATcJ n e  =  A ' Q ^ x f f  [7-55]
and the critical quenching temperature difference:
AT = — —  [7.56]
A'Q}vX
In [7.56], tc and A' are provided by the m ethod outlined in paragraph 3 .3 .2 .2 .2 , where the 
thermal conductivity o f  the com posite g iven  by a sim ple rule o f  mixtures formula involving the 
conductivities o f  the longitudinal ([3 .60]) and the transverse ([3 .61 ]) p lies.
7.5. CORRELATION WITH EXPERIMENTAL RESULTS
7.5.1. Longitudinal plies
The m ethod outlined in section  7.4.1 is applied here for the prediction o f  the onset o f  thermal 
shock fracture in the longitudinal p lies o f  cross-ply and w oven  N icalon /C A S CM Cs investigated  
in  the previous tw o chapters. T w o points have to be made before proceeding.
First, it w as show n that the (90°/0°)s laminate exhibited higher ATC, since one o f  its dim ensions 
was less than the critical one and, thus, interaction o f  gradients occurred. This effect can be 
incorporated in the present approach by initially obtaining a value for the HTC, h, through [3.62]
for t  equal to the critical d im ension and A  =  0.53 or 0.55. Subsequently, [3.62] is re-applied at 
this h by putting t  equal to h a lf the dim ension o f  the material that is less than the critical one. 
This procedure g ives for the (90°/0°)s laminate a value o f  A  — 0.41 or 0.39.
The second issue that has to be highlighted involves the volum e fractions o f  the constituents o f  
the longitudinal (and transverse) p lies in  the w oven  N icalon/C A S. Clearly, in this case J / is  not 
equal to 0.35 (i.e. the com posite fibre volum e fraction), as the m odel presented in paragraph
7.3 .1 .2  incorporates the observation that a significant proportion o f  the com posite thickness 
corresponds to pure matrix plies. C lose observation o f  photomicrographs o f  w oven  N icalon/C A S  
surfaces, such as that o f  Fig. 6.1, reveals that approximately w e have: (?0/? )= 0.333,
(*90  / / )= 0 .3 7 5 , and {tm/ t )  =0 .292. Thus, the total fraction o f  longitudinal and transverse p lies in
the com posite is about 0.71 (or 71%). The fibre volum e fraction in these p lies for a com posite  
fibre volum e fraction o f  0.35 is  0 .35 /0 .71 , i.e. VfPiy =0.49 and V,IliPiy =0 .51. The approach is 
similar to the one fo llow ed  by Aubard (1995), w ho m odelled a  2-D  SiC /SiC  CM C as an 
assem bly o f  four unidirectional p lies, and an area ( ‘p ly ’) that contained matrix and pores. A  
sim ple rule o f  mixtures calculation using the above p ly ratios and the values obtained for Vfpiy 
and V„hPiy further validates this approach since it leads to a calculated value o f  com posite  
m odulus as 118 GPa. Ironside (1996) has reported for the same material an experim ental value  
o f  120.6 GPa, i.e. the error is only 2%.
Plots o f  [7.52] and [7.53] for the (90°/0°)3S, the (90°/0°)s, and the w oven  N icalon /C A S laminates 
can be seen  in Figs. 7 .3(a)-(c) respectively. O nly the resulting graphs for A =0.55 (for the first 
and third) and A =0.41 (for the second) are shown.
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Fig. 7.3. Prediction o f  the onset o f  thermal shock damage in the central longitudinal 
plies o f  (a) (90°/0°)3s, (b) (90°/0°)s, and (c) woven N icalon/C A S laminates. 
The line showing a reduction o f  r as a function o f  AT (blue line) corresponds 
to [7.52], while the black line corresponds to [7.53]. The corresponding AT at 
the point where they meet is the AT,, Predictions are shown for A =0.55.
The resulting ATC for each CMC from the above plots and from their equivalent ones for A =0.53  
(for the (9070°)3s and the w oven  laminates) and A =0.39  (for the (9070°)3S laminate) are 
presented in Table 7.1.
Table 7.1. The critical temperature differentials o f  a range o f  
N icalon/C A S CMCs
N icalon/C A S (9070°)3s
(A T c=400°C )
(9070°)s
(A T c=500°C )
Woven
(A T c=400°C )
ATC
(°C )
A=0.55 3 8 6 - 3 7 4
A=0.53 4 0 2 - 3 9 0
A=0.41 - 5 3 3 -
A=0.39 - 5 4 7 -
From the results o f  Table 7.1 , it can be seen  that the error in the prediction for the (9070°)3S 
laminate is 0.5-3.5% , for the (9070°)s is 6.5-9.5% , w hile for the longitudinal p lies o f  the w oven  
laminate it is 2.5-4% .
7.5.2. Transverse Plies
Equation [7.56] is applied in this paragraph for the prediction o f  the onset o f  thermal shock  
damage in the thick, central transverse p lies o f  (0790°)3S and (0°/90°)s, as w ell as for central 90° 
plies o f  w oven  N icalon /C A S CM Cs. The prediction for the ATC o f  the (027904o)s laminate 
reported by B lissett et al. (1998) is also included. It must be noted that the tw o points highlighted  
in the previous paragraph regarding the stress reduction factor, A , and consequently the 
parameter A ', o f  the (9070°)s laminate as w ell as the fibre volum e fraction o f  longitudinal and 
transverse p lies in  the w oven  material are still applicable here. The results are presented in Table
7.2.
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Table 7.2. The results o f  the application o f  [7.55] to a range N icalon/C A S laminates. The values 
o f  A' were calculated with the m ethod described in paragraph 3.3.2.2.2. In addition, 
K /c4 and K/c5 are given by [3.64] and [3.65] respectively.
N icalon/C A S (0V90°)3s
(ATc=350°C)
(0790°)s
(ATc=450°C)
(02°/904o)s
(ATc=400°C)
Woven
(ATc=400°C)
K fc K  ?c K fc K  fc K fc K  fc K Bic
ATC
(°C)
A'= 0.18 2 7 2 3 2 0 - 2 7 0 3 1 9 2 8 7 3 3 8
A'= 0.19 2 5 8 3 0 9 - 2 5 6 3 0 1 2 7 2 3 2 0
A ’= 0.13 - 3 8 2 4 4 9 - -
A'= 0.14 - 3 5 5 4 1 6 - -
It can be seen that the discrepancy betw een predicted and experim entally-determ ined values is 8- 
26%  for the (0°/90°)3S, 0.2-21%  for the (0°/90°)s, 15-32%  for the w oven, and 20-36%  for the 
(02°/904°)s laminate. The better results are produced for K /c=  K/c5.
The resulting predictions for those laminates where thermal shock damage initiates at central, 
longitudinal plies are close to the experim entally-determined values o f  ATC. A n increased  
discrepancy is only evident in  the prediction for the (0790°)s laminate. This error m ay be  
associated w ith the sim ple m ethod em ployed to incorporate the effect o f  reduced thickness on  
the value o f  the stress reduction factor. The assum ption that the sam e HTC, h9 is applicable for 
different temperature differentials is not strictly valid  (see experimental data in W ang and Singh  
1994). N evertheless, it can be considered a useful working approxim ation since the observed  
trends are described accurately and the predictions made are satisfactory.
The predictions for the central, transverse p lies o f  (0790°)3S and (0790°)s laminates are 
reasonably good. L ess satisfactory is the result for the (027904°)s CM C, where the error can reach  
36% o f  the experimental value. H ow ever, a possib le explanation can be provided i f  the Y oung’s 
m oduli o f  the above cross-ply N icalon /C A S CM Cs are considered carefully. A  sim ple rule o f  
mixtures estim ate for the (0790°)3S and (0790°)s laminates g ives their m oduli as 117 GPa. This is 
w ithin the experimental range o f  110-120 GPa reported by Pryce and Smith (1992) for these  
materials. The m odulus for the (027904°)s laminate is calculated to be 115 GPa from the rule o f  
mixtures whereas the previous authors reported an experimental average value o f  101 GPa. A  
usual w ay to accom m odate for this discrepancy is  to adjust the m odulus o f  the transverse plies 
from  110 GPa (com puted using [3.16] for P/=0.34) to a low er value such that the experimental 
value is obtained. U sing this adjusted value (90 GPa), the prediction for the onset o f  thermal 
shock damage in  the (027904°)s CM C becom es ATc=369-389°C , i.e. the error is reduced  
significantly to 3-8%.
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7.6. DISCUSSION
The discrepancy in the com puted value for the ATC o f  the w oven  N icalon /C A S can be considered
acceptable bearing in mind the sim plifications involved in m odelling the w oven  material as an
assem bly o f  p lies o f  three different types. For exam ple, the undulation o f  the p lies is com pletely  
ignored and the large variation in p ly thickness is not accounted for. In addition, it is not 
guaranteed that the central transverse p lies in  this material are alw ays included in the area o f  
m axim um  thermal shock-induced stress.
A s stated in the previous chapter, the appearance o f  PM Cs in  the matrix p lies o f  the P W  w oven  
N icalon /C A S constitutes a damage m echanism  unique for this material. The w ay these cracks are 
distributed denotes a form o f  ‘com posite behaviour’ since arrays o f  these shallow  cracks can be 
observed that becom e alm ost equidistant at h igh ATs. H ow ever, no m odel exists that can  
describe the onset o f  fracture in these p lies w hen  embedded in a w oven  material. A  sim ple  
estim ate can be provided by fo llow in g a fracture m echanics approach. M ore specifically , 
assum ing the existence o f  a surface crack c, the shock-induced stress intensity factor can be 
written as:
K f = ( < „ , + < V ^  [7.57]
Equation [7.57] becom es through [7 .2], [7.31] and [7.47] at the onset o f  fracture due to thermal 
s h o c k :
K/C = (Ae,,„ATc + ©„„ATP [7.58]
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Since ATc=Tmax-T0 and ATir=Tp-Tmax we have:
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K ic
AT - \N 7U C
+  A Q x , n T o  ~  ®  J C , « T p
(AQx,m -T .
[7.59]
The value o f  c  is assum ed to be equal to the half-thickness o f  the average matrix ply. The 
average matrix p ly  thickness is obtained i f  the total matrix p ly thickness is  divided by the 
number o f  matrix p lies observed across any com posite thickness (~  7). Thus, c =  0 .2 9 2 //(7  x 2 ) .  
Application o f  [7.59] g ives ATc=315-330°C , i.e. w ith an error o f  17-20% . I f  instead o f  using an 
average value the central matrix p ly  w ith the largest thickness is  identified and used for the 
definition o f  a, then the prediction is m uch closer to the experimental value.
7.7. CONCLUDING REMARKS
The theoretical m odels developed in Chapter 3 for a U D  CMC were m odified and extended here 
to the case o f  2-D  ceramic com posite laminates.
It was found that they w ere able to describe the underlying trends observed in the cracldng 
phenom ena and provide satisfactory predictions for the onset o f  damage under conditions o f  
thermal shock, especially in  the case where damage first appears in longitudinal plies. Inclusion  
o f  experim ental observations regarding material microstructure and properties in  the predictive 
m odels greatly enhances the accuracy o f  predictions for the transverse central and matrix p lies o f  
the relevant 2-D  CMCs.
C o n c l u d i n g  R e m a r k s
C h a p t e r  8 :
The behaviour o f  fibre-reinforced CM Cs under conditions o f  thermal shock w as investigated in  
this study.
Experimental work concentrated on a range o f  2-D  N icalon/C A S com posites, including cross-ply  
(0°/90o)s, (9070°)s, (0 7 9 0 % , (9 0 7 0 % , and PW  w oven  laminates. B y  em ploying the water 
quench test as w ell as optical and electron m icroscopy, damage due to thermal shock on these  
materials w as characterised com prehensively. In addition, m echanical testing o f  thermally- 
treated sam ples allow ed the effect o f  thermal shock on the m echanical properties o f  PW  w oven  
N icalon/C A S to be quantified.
C losed-form ed analytical m odelling based on  strength and/or fracture m echanics concepts w as 
em ployed to predict the onset o f  thermal shock fracture, i.e. the critical quenching temperature 
differential, in  both U D  and 2-D  CM Cs.
The conclusions drawn from  this study are presented in section 8.2. Subsequently, proposals are 
made regarding w ays in w hich  the present work could be extended and com plem ented.
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8.1. INTRODUCTION
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1. The thermal shock resistance o f  a range o f  2-D  N icalon /C A S CM Cs was found to be 
comparable w ith that o f  U D  N icalon /C A S material o f  similar thickness. In other words, 
ply configuration w as show n to have on ly  a m inim al effect. Significant increases in ATC 
were observed only after material thickness w as reduced beyond a critical value.
2. Dam age due to thermal shock alw ays originated at the central p lies o f  each 2-D  CM C. 
Faces o f  cross-ply CM Cs w ith  0° (longitudinal) central p lies (i.e. (90°/0°)3S, (9070°)s) 
were found to have slightly higher thermal shock resistance than surfaces w ith 90° 
(transverse) central p lies (i.e. (0790°)3S, (0°/90o)s). In addition, damage due to thermal 
shock alw ays exhibited a gradient across the material thickness, being higher towards the 
central region, irrespective o f  shock severity. Both phenom ena were explained by  
considering the interaction o f  temperature gradients o f  adjacent material surfaces.
3. Dam age due to thermal shock in 2 -D  CM Cs w as in the form  o f  matrix cracking that left 
the fibres unaffected. Microstructural changes due to high temperature exposure resulted  
in  the occurrence o f  fibre failures, w hich  were associated w ith  matrix cracks that w ere 
not deflected at fibre/matrix interfaces.
4. The orientation and the extent o f  matrix cracking due to thermal shock w as found to 
depend strongly on  the type o f  each p ly  (i.e. whether it w as a longitudinal, a transverse
8.2. CONCLUSIONS
or, in the case o f  w oven  N icalon /C A S, a matrix-rich area). Longitudinal and matrix p lies 
contained matrix cracks perpendicular to the horizontal (length) direction, w hich, upon  
application o f  shocks o f  greater severity, increased in number but w ere always confined  
to the surface o f  the material. M atrix cracks due to thermal shock in transverse p lies ran 
parallel to the horizontal, and increased significantly in length and depth at higher 
temperature differentials. The difference in behaviour am ong different p lies w as 
explained by considering a stress transfer m echanism  acting betw een fibre and matrix as 
w ell as betw een different plies. B y  virtue o f  this m echanism , the energy available for 
cracking in longitudinal and matrix p lies w as accommodated by m ultiplication o f  the 
number o f  cracks, as expected by elem ents exhibiting ‘com posite’ behaviour. B y  
contrast, transverse p lies show ed behaviour similar to m onolithic ceramics and 
particulate CM Cs, as the energy available for cracking w as consum ed in  extending  
significantly a sm all number o f  surface cracks.
5. Thermal shock w as found to reduce the m echanical properties o f  PW  w oven  
N icalon/C A S. H owever, the extent o f  these reductions w as sm all and gradual w ith  
increasing shock severity. In addition, mechanical property degradation w as not evident 
at the onset o f  thermal shock damage. It occurred at higher temperature differentials and 
coincided w ith the propagation o f  matrix cracks in transverse p lies deep into the material.
6. A s cracks in transverse p lies were found to extend significantly and to affect the 
m echanical properties o f  the materials, it can be concluded that transverse p lies are the 
weaker elem ents o f  the 2-D  materials under conditions o f  thermal shock. Thus, their
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incorporation should be avoided or there should be safeguards that w ould lim it crack 
propagation in these plies. Such conditions seem  to be fu lfilled  in the w oven  
N icalon/C A S laminate, w hich  w as found to experience m uch smaller damage 
accum ulation w ith increasing AT compared w ith its cross-ply equivalents. The undulating 
nature o f  the p lies o f  this material w as identified as the reason for lim iting the extent o f  
thermal shock damage in this material.
7. The extent o f  thermal shock damage w as also found to be a function o f  the dim ensions o f  
the material. W hen one o f  the dim ensions w as significantly smaller than a critical value  
(e.g. the thickness in (0°/90o)s and (9070°)s), matrix cracking w as always confined to the 
surface o f  the material irrespective o f  ply, and the number o f  cracks w as greatly reduced.
8. Analytical predictions o f  the onset o f  thermal shock fracture in U D  and 2-D  N icalon/C A S  
CM Cs w ith satisfactory accuracy w ere achieved. The analysis considered the anisotropic 
nature o f  the applied stress field  as w ell as the presence o f  residual thermal stresses. A  
strength-based criterion, com bined w ith  a m odel for the effect o f  the biaxial nature o f  
shock-induced stresses on the effective value o f  the interfacial shear stress, were 
sufficient to allow  predictions o f  the thermal shock resistance o f  the surface o f  U D  
N icalon/C A S that contained longitudinal fibres, as w ell as o f  the central longitudinal 
plies o f  (0790°)3s, (0790°)s and PW  w oven  laminates. The method also allow ed  
determination o f  the heat transfer conditions during fracture. A  fracture m echanics-based  
criterion com bined w ith a m odified  recent analytical result from the literature w as used in  
the case o f  the transverse (end) face o f  U D  N icalon/C A S, as w ell as for the central
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transverse p lies o f  (9070°)3S, (9070°)s and PW  w oven  laminates. The successful 
application o f  this approach depended on accurate know ledge o f  tw o material parameters,
i.e. the relevant fracture toughness and the value o f  the critical d im ension beyond w hich  
thermal shock resistance becom es independent o f  material dim ensions. Based on  
sufficient know ledge o f  the critical dim ension, a method w as successfully  devised  that 
allow ed the effect o f  material d im ensions to be incorporated into predictions o f  the 
thermal shock resistance.
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8.3. PROPOSALS FOR FURTHER WORK
1. Experimental work should be extended to CM Cs o f  other configurations, notably those  
that incorporate p lies w ith  orientations other than 0° or 90°, e.g. (±45°)n and quasi­
isotropic laminates. This w ould  a llow  a com plete picture o f  the behaviour o f  fibre- 
reinforced CM Cs under conditions o f  thermal shock to emerge.
2. Although the behaviour o f  the CM C used in  this investigation can be considered to be 
generic, at least for dense-m atrix CM Cs, experimental work should be extended to the 
more industrially-relevant SiC /SiC  laminates manufactured by CVI or m elt infiltration 
and oxide-oxide CM Cs. In addition, testing o f  a CMC for w hich  CTE,„<CTE/ w ould  be 
o f  interest.
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3. The analytical work included in this thesis can be developed further in three directions:
(i) U se  o f  a more sophisticated m odel for the description o f  the effect o f  thermal shock on  
the value o f  the interfacial shear stress, w hich w ould probably a llow  for the m ulti-layer 
nature o f  present-day interphases and possib le effects o f  P oisson  contraction.
(if) Prediction o f  the onset o f  property degradation, w hich  w as show n not to coincide  
w ith the onset o f  thermal shock damage. This can probably be achieved by com bining  
som e o f  the other analytical results o f  Zhao et a l  (2000) w ith  a m odel for the rising  
resistance o f  the transverse face to crack penetration in the depth direction (R-curve 
behaviour).
(Hi) Prediction o f  the onset o f  cracking in p lies o f  2-D  CM Cs other than the central ones. 
This can be accom plished by com bining the gradients o f  tw o adjacent faces either 
analytically or graphically so that the variation o f  the stress reduction factor across the 
face thickness can be determined.
4. A s analytical m odelling o f  the condition is  approaching its lim its, it w ould be interesting 
to build a com putational m odel, p ossib ly  using finite elem ent analysis, based on the same 
concepts.
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